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Abstract 
Title: Characterising the Stress-Life Response of Mechanical 
Formed AISI-1008 Steel Plate Components 
Author: Ruan Müller 
The main purpose of this research project was to determine the fatigue-life 
behaviour of AISI 1008 sheet steel which has been mechanically formed to a 
radius of curvature of 120mm and then to correlate the fatigue-life behaviour 
to that of the parent or “as manufactured” material. During the forming 
process it was felt important to induce plastic strain through stretch-bending 
by clamping the sides of a plate sample’s (width) edges in the bending fixture 
before being bent by a single acting mechanical press. It was determined 
through actual testing that there was a decrease in fatigue-life when the 
mechanical formed data was compared to fatigue data of the parent material. 
Standard fatigue mathematical models were used to relate the actual fatigue 
data. Due to the material being cold formed to a radius of curvature of 
120mm, residual stresses induced during the forming process played an 
essential role during the fatigue-life prediction calculations. The maximum 
relieved stress in the parent material was compressive in nature having a 
magnitude of 11% of the “as manufactured” yield strength (265 MPa).  For 
the mechanical formed material compressive residual stresses were 
measured on the outer surface while tensile stresses were measured on the 
inner surface. The difference between actual number of cycles to failure to 
that calculated using the standard mathematical models for the parent 
material, ranged between 48% and 18% and for the mechanical formed 
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samples between 35% and 1%, depending on the strain amplitude used. An 
important aspect of this study was to determine the criteria required for 
mathematical modelling of the parent material as testing occurred between 
the limit of proportionality and yield point. Although this aspect requires 
further investigation the mathematical results obtained during this study were 
considered to be acceptable. 
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Glossary of Terms 
A 
Alloying element – an element added to and remaining in a metal that 
changes structure and properties.  
Anisotropy - A material is anisotropic when its properties differ in different 
direction along which the property is measured. 
Apex – refers to the top most position of a curve. 
C 
Carbide – a compound of carbon with one or more metallic elements. 
Coalescence - Is the process by which two or more particles merge during 
contact to form a single particle. 
D 
Dislocation - Is a line defect found in an otherwise perfect lattice. 
Dislocations are introduced when a material is being deformed. 
Drawing - Is a metalworking process which uses tensile forces to stretch 
metal. With sheet metal drawing the metal has to be plastically deformed 
over a curved axis. 
Ductility - Is the extent to which a material can be plastically deformed 
before fracturing. 
E 
Endurance limit - This is the stress amplitude where the fatigue life of a 
material becomes infinite. 
Etching – subjecting the surface of a metal to a chemical or electrolytic 
attack to reveal structural details for metallographic examination. 
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xx 
 
F 
Fatigue life - The number of cycles a material will permit at a particular 
stress amplitude before failure. 
Fatigue limit - This is the stress amplitude where the fatigue life of a 
material becomes infinite. 
Fatigue strength – the maximum stress that can be sustained for a 
specified number of cycles without failure.  
Ferrite – a solid solution of one or more elements in body-centred cubic iron. 
In plain carbon steels, the interstitial solid solution of carbon in alpha iron.   
G 
Grain – an individual crystal in a polycrystalline metal or alloy, including 
twinned regions or sub-grains if present. 
Grain boundary – an interface separating two grains at which the orientation 
of the lattice changes from that of one grain to that of the other. When the 
orientation change is very small the boundary is sometimes referred to as a 
sub-boundary structure. 
H 
Hardness – is a term used for describing the resistance of a material to 
plastic deformation under the action of an indenter. 
Hardening – increasing hardness by suitable treatment, usually cold 
working. 
Hour-glass specimen - refers to a fatigue type specimen having a hour-
glass shape. 
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I 
Inclusions – particle of foreign material in a metallic matrix 
Interstitial – is an atom occupying a position between normal lattice sites. 
L 
Lattice - A collection of points that divide space into smaller but equal sized 
segments. 
M 
Mean stress – refers to a pre-strained loading condition. 
Microstructure – the structure of a prepared surface of a metal as revealed 
by a microscope at a magnification exceeding 25x. 
N 
Non-uniform plasticity – refers to a steel component subjected to strain 
levels beyond the tensile strength for that particular steel material, usually 
associated with necking. 
P 
Pearlite – a micro constituent of steel and cast iron comprising an intimate 
mechanical mixture of ferrite and cementite (iron carbide). It is produced at 
the eutectoid by the simultaneous formation of ferrite and cementite from 
austenite, and normally consists of alternate plates or lamellae of these two 
constituents. 
Phase – a physically homogeneous and distinct portion of a material system. 
Plastic deformation – deformation that remains or will remain permanent 
after release of the stress that caused it. 
Principal stresses – at any point within a stressed material it will be found 
that there exist three mutually perpendicular planes on each of which the 
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xxii 
 
resultant stress is a normal stress (i.e. no shear stresses occur on these 
planes). These mutually perpendicular planes are called principal planes, 
and the resultant normal stresses are called principal stresses. 
Pure bending – the bending of a material under unconstrained conditions. 
R 
Relieved – allowing for freedom of movement or relaxation. 
Residual stress – are stresses inherent in a component prior to service 
loading conditions or the stress present in a body that is free of external 
forces or thermal gradients. 
Rolling direction – refers to the direction in which the billet was rolled during 
sheet metal plate manufacture 
S 
Slip - Is the process by which a dislocation moves and causes a material to 
deform. 
Slip band – a group of parallel slip lines so closely spaced as to appear as a 
single line when observed under an optical microscope. 
Springback – is the elastic recovery of a material after a component has 
undergone plastic deformation. 
Strain – is a measure of deformation of a body acted upon by external forces 
and can be expressed as a change in dimension per unit of original 
dimension or in the case of shear as a change between two initially 
perpendicular planes. 
Strain rosettes – a combination of three strain gauges set along three axes, 
usually at 45° or 60°, with each other – used to determine strain at a point of 
a surface when the strain directions are unknown. 
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Stress – load applied to a piece of material tends to cause deformation 
which is resisted by internal forces set up within the material which is 
referred to as stresses. The intensity of the stress is estimated as the force 
acting on a unit area of the cross-section, namely Newtons per square metre 
or Pascals. 
Stress amplitude – refers to a stress loading magnitude above and/or below 
a particular mean stress level.  
Stress ratio – is the ratio of minimum to maximum stress levels usually 
associated with fatigue testing conditions. 
Surface defects - Imperfections, such as grain boundaries, that form a two 
dimensional plane within the lattice. 
T 
Transition Temperature - Is the temperature which defines the boundary 
between the high and low temperature behaviour of a material. 
Transverse direction – refers to the perpendicular direction in which a billet 
of steel was rolled during sheet metal plate manufacturing 
U 
Uniform plasticity – refers to a condition of a component when subjected to 
plastic deformation between its yield and tensile strength positions. 
V 
Vickers hardness test – a common method of determining the hardness of 
metals by indenting them with a diamond pyramid under a specified load and 
measuring the size of the impression produced. 
Void – a defect lowering material strength by concentrating stresses. 
 
Glossary of Terms 
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W 
Work hardening - Or strain hardening as it is also known, is the 
strengthening of a material due to plastic deformation. The strengthening of 
the material occurs due to dislocation in the crystal structure. Work 
hardening usually occurs in low-carbon steel. 
Y 
Yield point – the stress at which a substantial amount of plastic deformation 
takes place under constant or reduced load. This sudden yielding is a 
characteristic of iron and annealed steels. 
Yield stress – the stress at the onset of plastic deformation determined from 
the yield point or from a defined amount of plastic strain called the proof 
stress. 
Young’s Modulus – is the ratio of the tensile stress to the tensile strain in a 
linear elastic material at loads less than the elastic limit of the material.  
Z 
Zero mean stress – pertains to the fatigue testing of a component under 
zero pre-strain conditions.  
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Chapter 1 
Introduction 
1.1. Introduction 
Metal fatigue is the gradual degradation and eventual failure of a material, 
due to variable or constant stress amplitudes, applied over a time period [1]. 
These variable loads which cause failure of the material are usually lower 
than the static yield strength of the material.  Material fatigue occurs due to a 
crack which most often initiates at the surface of a component. From the 
point of initiation, the crack will begin to propagate until the cross sectional 
area of the component has been reduced to a point where the stress induced 
meets the fracture strength of the material, which will lead to final fracture [1].  
The material used for this research project is AISI 1008 sheet steel, having a 
thickness of 4mm and which have been taken 90 degrees from the rolling 
direction i.e. the transverse direction, as seen in Figure 1.1. Because low 
carbon steel is low in cost, relative to other metals, has good cold formability 
properties and is also readily available, it has many applications, thus making 
it the most widely used material for forming applications to date. One of 
these applications is for the manufacturing of motor vehicle steel rims. 
Through previous research it was noted that for the first drawing process of 
motor vehicle steel rims, the radius came to be approximately 120mm, so it 
was from this application that this research project was initiated and also 
where the 120mm radius of curvature used in this study originated from [2,3]. 
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1.2. Problem statement 
Through research it has become apparent that there might be an increase in 
fatigue-life due to the cold forming process of low carbon steels which have 
similar mechanical properties to those used in this research project [4]. The 
increase in fatigue-life may be attributed to strain hardening, to which low 
carbon steel is very susceptible when exposed to stresses ranging in the 
uniform plastic regime. Residual stresses will also be induced in the plate 
samples as they will be deformed plastically during the forming process. The 
magnitude and type of residual stresses induced in the material can only be 
determined after residual stress analysis has been completed on the test 
samples. To date, no known fatigue-life behaviour data exists for AISI 1008 
sheet steel which has been mechanically formed to a radius of curvature of 
approximately 120mm. For this reason this research project aims to generate 
the necessary fatigue-life behaviour data to draw a comparison and 
characterize the data between the fatigue-life of the mechanically formed 
specimens to those of the parent plate.  
Rolling 
direction 
Transverse direction 
Figure 1.1: Indicating the direction in which the steel plate 
samples were cut. 
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1.3. Objective 
The main objective of this research project is to determine the fatigue-life 
behaviour of AISI 1008 sheet steel which has been mechanically formed to a 
radius of curvature of approximately 120mm and to correlate the fatigue-life 
behaviour of the mechanical formed samples to that of the parent plate and 
to quantify the difference in fatigue-life behaviour as a percentage. This data 
will then be used with existing mathematical relationships to indicate an 
increase/decrease in fatigue life due to the forming process. The mechanical 
forming process must induce stretch-bending in the material before any of 
the formed samples can be considered for this study. 
1.3.1. Sub-Objective 1 
Determine the forming loads. These are the forces necessary to prove that 
stretch bending has occurred when the plate samples are mechanically 
formed to a curvature of approximately 120mm. 
1.3.2. Sub-Objective 2 
To mechanically form specimens to a curvature of approximately 120mm by 
means of a Gosmeta type 25 tonne mechanical press. 
1.3.3. Sub-Objective 3 
Have hour-glass fatigue specimens machined from the parent plate and 
mechanical formed samples which will be used for fatigue testing. The hour-
glass samples will be cut by means of water-jet cutting to ASTM E466-96 
standards. 
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1.3.4. Sub-Objective 4 
Fatigue test mechanically formed and parent plate hour-glass specimens at 
four different stress amplitudes until final fracture. Fatigue specimen will be 
subjected to stress amplitudes of 90% of the “as manufactured” yield 
strength for the upper limit and 50% of the tensile strength which equates 
approximately to 67% of the yield strength for the lower limit. The other two 
stress amplitudes will be determined by dividing the range between the 
upper and lower limits into three equal segments. These points are chosen to 
give a wider spread of information between the set limits. The data captured 
during these tests will be used to generate Stress/Life or S-N diagrams.  
1.3.5. Sub-Objective 5 
Perform a residual stress analysis on the parent and mechanically formed 
plate specimens. 
1.3.6. Sub-Objective 6 
Superimpose the data from Sub-Objectives 4 and 5 to draw up fatigue 
characterization relationships by means of the Juvinall and Marshek life 
prediction model which includes the equivalent stress amplitudes determined 
through the Soderberg, Goodman and Gerber design relationships. 
1.3.7. Sub-Objective 7 
Perform microhardness test on the parent plate and mechanically formed 
micro specimens through their thickness planes. 
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1.3.8. Sub-Objective 8 
Evaluate and compare the microstructure of the parent plate samples and of 
the mechanically formed plate samples to determine if there had been a 
change in grain size after the forming process. 
1.3.9. Sub-Objective 9 
Perform Charpy impact test to determine the toughness of the material. This 
test will be carried out at -40 degrees Celsius and at room temperature on 
both the parent plate samples and the mechanically formed plate samples. 
1.4. Hypothesis 
Pre-strain induced in the steel plate samples during the mechanical forming 
process will determine whether there will be an increase or decrease in the 
fatigue life of the material when tested.  Also, it may be assumed that there 
could be an increase in fatigue life in the steel plate samples during the 
fatigue testing process due to strain hardening. Any crack growth formed on 
the compressive side of the fatigue sample due to dislocation pile up, may be 
retarded due to the presence of compressive residual stresses. 
1.5. Delimitations 
Fatigue life behaviour will only be determined for 4mm thick AISI 1008 
material. Only the parent plate samples and samples which have been 
mechanically formed to a radius of curvature of approximately 120mm will be 
considered for this research project. ASTM standards for metals will also be 
considered for this research project. All fatigue specimens will be fatigue 
tested on an Avery type, fatigue testing machine which is located at the 
Nelson Mandela Metropolitan University, Port Elizabeth. Also, the fatigue 
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samples will be tested at a constant frequency, under fully reversed 
conditions. Four stress levels based on the corrected yield strength of the 
material will be considered to produce the essential S-N diagrams for the 
mechanical formed samples. Fracture mechanics will not be considered for 
this research project as all fatigue specimens will be tested to catastrophic 
failure. Run-out will be set at a million cycles. This limit value was chosen 
through literature review, which commonly sets endurance limits at 106 
cycles. [5] 
1.6. Research Methodology 
As this project will consider the fatigue life behaviour of the parent and 
mechanical formed material, the mechanical formed specimens will be 
stretch-bent by means of a 25 tonne mechanical press. This type of forming 
will be considered as one of the aims of the project is to induce stretch-
bending into the material. The mechanical formed samples will be formed to 
a curvature of approximately 120 mm. This radius was chosen as it aligns 
with other similar projects being conducted at the Nelson Mandela 
Metropolitan University. The 120mm radius of curvature will also enable the 
NMMU to form a comparative database for the fatigue life behaviour of 
different materials which have been formed by the same process.  
After the material has been formed, both the parent and mechanical formed 
material will be fatigue tested under atmospheric conditions with a reverse 
plain bending fatigue testing machine to determine the stress life response of 
the material. The fatigue samples will be tested at a constant frequency of 
24Hz and fully reversed conditions, i.e. R = -1.  
Chapter 1: Introduction 
7 
 
The loading condition of R = -1, was chosen as it is the most severe fatigue 
condition the material can be exposed to. Both parent and mechanical 
formed fatigue specimen will be tested at similar strain amplitudes. The 
upper limit for the test was chosen at 90% of the yield strength to provide a 
number of cycles to failure in the region of 100 000, and the lower limit at 
50% of the tensile strength (which equates to approximately 67% of the “as 
manufactured” yield strength), to provide a number of cycles to failure in the 
region of 1 000 000. The samples will also be fatigue tested at two more 
settings spaced equally between the upper and lower limits. These points are 
chosen to give a wider spread of information between the set limits. To 
obtain the correct stress values at which the samples will be fatigue tested, a 
master sample with strain gauges bonded to its top and bottom surfaces, will 
be used to set the strain amplitudes. As the set limits fall within elastic region 
of the material, “Hooke’s law” can be applied to convert strain to stress 
amplitudes, thus ensuring that the correct stress value is induced in the 
fatigue specimen during testing. The number of test samples per stress 
amplitude was chosen at eight. ASTM standard E739, states that for 
research and development purposes between six and twelve samples need 
to be tested per stress amplitude, but due to time constraints only eight 
samples will be fatigue tested per stress amplitude. 
1.7. Significance of Research 
To date no fatigue life data for AISI 1008 low carbon sheet steel which have 
been mechanically formed to a radius of curvature of 120 mm, is available. 
For this research project, only the fatigue life behaviour of the parent material 
and the mechanical formed material will be considered. The knowledge 
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gained through this project will contribute to other projects being conducted 
at the NMMU where the fatigue life behaviour of laser-formed material and 
laser/mechanical formed material, will be accumulated to build a comparative 
database. 
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Chapter 2 
Review of related literature 
2.1. Production of carbon steel sheet metal 
To date steel has been the most widely used material. The reason being 
steel is readily available, highly formable and relative low in cost, when 
compared to other materials such as aluminium [6]. Today most steel is 
produced by means of a continuous casting process. This is because 
continuous casting holds economic and quality advantages over ingot 
casting, as the ingots still need to be reworked at a later stage [6]. Molten 
steel is cast into billets where the billets are then hot rolled by a series of 
rolling mills to produce the end product. Sheet metal can be defined as any 
rolled steel having a gauge thickness of up to 0.25 inches or 6mm. 
 
Figure 2.1: Schematic diagram indicating the process steps from start to finish for hot rolled 
steel 
[7]
.
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Figure 2.1 is an illustration of a continuous casting mill, here all the stages 
where the steel is rolled to reach its final shape or thickness, is indicated. 
2.2. Material characteristics  
2.2.1. Tensile testing 
Performing a tensile test is an important aspect of engineering as this is the 
only method by which the tensile properties of a material can be determined. 
These properties are essential as they will provide the design engineer with 
the strength and ductile behaviour of the material under uniaxial loading 
conditions. As the structure of the material is not uniform throughout and as 
the tensile samples were cut from a specific section of a batch of material, 
the tensile data obtained during a tensile test may not represent the 
properties of the entire product batch. 
 
Figure 2.2: Dimensions of the tensile test specimen. 
The tensile test from which the tensile properties were obtained for this 
research project, were done according to ASTM E8M-01 standard. The 
technical drawing in Figure 2.2 indicates the dimensions to which the tensile 
test specimens were machined for this research project. These tensile test 
specimens were cut along the transverse direction of the material.  
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2.2.2. Chemical composition 
A brief description on each of the main alloying elements having the greatest 
influence on the mechanical properties of the material will be discussed next. 
[8] 
o Carbon 
Carbon is the most common alloying element in steel. It is inexpensive 
and plays a big role in the strength and hardness of the material. The 
reason being carbon atoms are smaller than iron atoms thus enabling it to 
occupy the space between the iron atoms. These kinds of elements are 
known as interstitial elements. Adding carbon to pure iron can increase 
the yield strength of the iron by almost 200 MPa [8]. 
o Manganese 
Manganese is an essential alloying element in carbon steel and has 
several roles. Firstly it increases the strength of the steel. For every 0.1% 
added, the yield strength is increased by approximately 3 MPa. 
Manganese is also added to steel to form manganese sulphide from the 
excess sulphur in the steel. If this is not done the sulphur will combine with 
the iron to form iron sulphide which will embrittle the material and reduce 
toughness [8]. 
o Phosphorus 
Phosphorus is also an interstitial element which will increase the strength 
of the material [8]. 
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o Silicon 
Silicon is added to iron to act as a deoxidiser. It removes dissolved oxygen 
from the molten steel as the oxygen will form oxygen inclusions. The 
oxygen inclusions will reduce the strength and fatigue resistance of the 
material. Silicon acts as a ferrite stabiliser and for each 0.1% silicon added 
to the iron, the yield strength is increased by almost 8 MPa [8]. 
o Sulphur 
Sulphur is added to iron to improve the machineability of the material, but 
is restricted to 0.02% [8]. 
2.2.3. Microstructure 
To produce the proper microstructure in steel, the steel composition and 
processing of the steel need to be closely monitored and controlled, as the 
final microstructure of the steel will determine the mechanical properties of 
the material.  
Low carbon steel consists mainly of ferrite and pearlite. Iron in its pure form, 
ferrite or α-iron, has a body-centred-cubic crystal structure and can undergo 
three phase changes when heated sufficiently [6]. Iron will remain ferrite up to 
912 °C. From 912 °C to 1394 °C it will exist as austenite or γ-iron with a face-
centred-cubic crystal structure. From 1394 °C to 1538 °C it again exists as 
ferrite and above that will be liquid. [6] Each phase change brings a 
transformation in the crystal structure as shown in the iron-carbon equilibrium 
diagram indicated in Figure 2.3. The red line at 0.06% carbon indicates how 
the microstructure of AISI 1008 will change with a change in temperature.  
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Figure 2.3: Iron-carbon equilibrium diagram indicating how the microstructure of the steel 
will change with a change in temperature 
[9]
. 
Figure 2.4 is a micrograph of AISI 1008 taken at 50 micrometer after it was 
polished and etched. In this micrograph one can clearly see the ferrite 
indicated by the grey constituent and the pearlite indicated by the black 
constituent. The micrograph was taken along the rolling direction of the 
material. 
0.06% 
0.06% 
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Figure 2.4: The micrograph indicating the ferrite in grey constituents and pearlite in black 
constituents. 
2.3. Mechanical forming of low carbon sheet steel 
2.3.1. Introduction 
Today most high volume sheet metal forming is done by means of a press 
with punch and dies sets. Presses can either be driven mechanically or 
hydraulically. Mechanical presses make use of potential energy stored in a 
flywheel which is then converted to kinetic energy when the press is 
engaged. Due to the transfer of energy, a moveable slider will move in a 
downward direction, transferring energy from the flywheel to the sheet metal 
being formed. The basic tool components used during the metal forming 
process is the punch and the die. The punch has a convex shape and is 
mated with a concave die [10]. The press used to form the sheet metal 
samples for this project, was a single acting Gosmeta type-25 tonne 
Ferrite 
Pearlite 
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mechanical press. The single action implies there is only one moveable 
slider in the press. Figure 2.5 below is of the Gosmeta type-25 tonne 
mechanical press situated at the Nelson Mandela Metropolitan University’s 
North Campus. 
 
 
 
 
 
 
 
 
 
 
 
 
 
The sheet metal samples used for this study were subjected to a stretch 
bending, forming process. This was achieved by clamping the ends of the 
sheet metal samples to the jig fixture during the forming process. This entire 
process will be explained in Chapter 3: Experimental setup. As the sheet 
metal samples only get exposed to a stretch forming process, only this type 
of forming process will be discussed next. 
Figure 2.5: Gosmeta type-25 mechanical press used to form the sheet metal 
samples. 
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2.3.2. Stretch bending 
Stretch forming is a metal forming process where a tensile force is applied to 
stretch a material over a punch. This type of forming process is well suited 
where large radii are required such as for aircraft components. The 
advantage of stretch forming when compared to other forming methods such 
as bending and deep drawing, is that springback is greatly reduced because 
the induced stresses are uniform throughout the material being formed. 
Springback is the elastic recovery of a material [10]. The extent of springback 
on a material depends mainly on the magnitude of yield strength and plastic 
deformation a material is subjected to. Thus the greater the yield strength 
and plastic deformation of a material, the greater the springback. There are 
equations to calculate the amount of springback in a material when formed, 
but this mathematical approach is by no means accurate. For this reason the 
trial and error method will be used [10]. 
There exist different stretch forming methods; they are simple stretching and 
tangential stretching. In both methods clamping is done along the width or 
short side of the work piece permitting stretching to occur along the 
longitudinal axis of the workpiece [11]. Figure 2.6 illustrates the main stretch 
forming methods used in industry today. 
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2.3.3. Anisotropy in low carbon sheet steel 
It is sometimes found that a material can possess different mechanical 
properties along different grain alignment directions (rolling or transverse), 
during tensile testing. This difference in mechanical properties is known as 
anisotropy. Crystallographic anisotropy is one form of anisotropy.  This type 
of anisotropy is as a result of the preferred orientation of the grain structure 
during deformation, usually when the material is cold rolled.  
Another type of anisotropy is mechanical fibering. This type of anisotropy is 
as a result of the preferred alignment of structural discontinuities such as 
inclusions or voids during the manufacturing process of sheet metals and 
forgings [10]. Non-metallic inclusions such as alumina and oxide types were 
Figure 2.6 Indicating the main stretch forming methods. Figure A is the simple stretch 
forming method where figure B is the tangential method
 [12]
. 
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observed in the material, but will be discussed in detail in Chapter 4: Results, 
of this work. As the material used for this research project was formed along 
a single axis and because the fatigue specimens tested were cut along the 
longitudinal direction of the transverse plate samples, anisotropy is not likely 
to influence the results to the point where further investigation on this subject 
need to be done.  
2.3.4. Characteristics of stretch forming in low carbon steel  
Although there are many defects that can occur in sheet metal during a 
forming process, it must be stated that no formed samples would have been 
considered for this research project if any defects were observed. Some 
common defects occurring during stretch forming are cracking and thinning. 
Thinning is likely to occur due to excessive plastic deformation while cracking 
can also be observed in formed samples due to the tooling. Another defect 
that occurs in ductile materials are voids. Voids are mostly initiated at 
second-phase particles or inclusions due to particle de-cohesion. With 
continued plastic deformation, the voids will grow until the material fails, by 
cracking [13]. 
2.3.5. Strain hardening in low carbon steel  
One of the main characteristics of plastic deformation in carbon steel is that 
the shear stress required to produce slip, continuously increases with 
increasing shear strain. This increase in shear stress required to cause slip 
due to previous plastic deformation is known as strain or work hardening. 
Slip can be described as the displacement of an atom, by one atomic 
distance, due to a force acting on the lattice structure. When there is an 
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entire region of localized lattice disturbances separating the slipped and un-
slipped crystals, it can be seen as a dislocation. Dislocation is known as a 
line or two dimensional defect. Strain hardening is thus caused by 
dislocations interacting with each other and barriers which obstruct their 
motion through the crystal lattice structure. The dislocation is then the defect 
responsible for the phenomenon of slip, which is the way through which most 
metals deform plastically [10]. Figure 2.7 below is an atomic arrangement 
indicating a dislocation. 
 
 
 
 
 
 
 
 
 
2.3.6. Estimating stresses within the uniform plastic regime 
For a material to be shaped the forming stresses has to be greater than the 
yield strength of the material. As stated previously thinning is a common 
defect occurring when sheet metal is stretch formed. To prevent the cross 
sectional area of a material from thinning, the stresses induced must not 
exceed the ultimate tensile strength of the material. In other words the 
stresses must remain in the uniform plastic regime. To determine the 
Figure 2.7: Atomic arrangement on a plane indicating a dislocation
 [14]
. 
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magnitude of the stress induced during the forming process, the strain 
induced has to be measured. The strain can be measured by means of a 
strain gauge bonded to the surface of the specimen being formed. The strain 
then need to be converted to a stress value, but as Hooke’s Law is only 
applicable for stresses ranging in the elastic region, it cannot be used. The 
following equation by Holloman is valid for stresses ranging in the uniform 
plastic regime [10]:  
     (2.1) 
Where: K = Strength coefficient 
  n = Strain hardening exponent 
  ε = Measured strain 
The above mentioned equation is valid for any region of uniform plastic 
deformation and is also important to note that the strain hardening exponent, 
n, may vary with the displacement rate or strain rate used, depending on the 
material and test temperature [10].  
2.3.7. Strain hardening exponent and strength coefficient calculations 
To determine the strain hardening exponent and strength coefficient of the 
material, five sets of data from the true stress versus true strain curve 
ranging in the plastic region, is required. This number of data sets is the 
minimum required by ASTM standard E646. With the chosen data sets the 
strain hardening exponent and strength coefficient of AISI 1008, at a given 
displacement rate, can be determined.  
 
nK
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The equation to determine the strain hardening exponent, n, is as follows [15]:  
     (2.2) 
   
         
Where: N = Number of data pairs 
  x = log ε 
  y = log 𝜎 
The equations to determine the strength coefficient, K, is as follows [15]:  
   
(2.3) 
       
(2.4)        
2.4. Hardness 
2.4.1 Introduction 
The hardness of a material refers to the ability of a material to resist 
deformation. In other words, it is the resistance of a metal to be plastically 
deformed. There are three general types of hardness measurements, scratch 
hardness, indentation hardness and dynamic hardness [10]. Under indentation 
hardness there are also different tests. The most commonly used are the 
Brinell, Rockwell and Vickers hardness tests. As the Vickers hardness test is 
most relevant to this research project, only it will be discussed next. 
2.4.2 Vickers microhardness test 
The Vickers hardness test uses a square base diamond pyramid indenter. 
The included angle of the indenter between faces is 136 degrees. This angle 
was chosen as it approximates the most desirable ratio between the Vickers 
 bexpK 
N
xny
b
 

  




22 xxN
yxxyN
n
Chapter 2: Review of related l i terature  
22 
 
indentation diameter to that of the Brinell hardness ball diameter. Loads for a 
Vickers hardness test ordinarily ranges between 1 and 120 kilogram [10]. Due 
to these load values and the size of the indenter, the hardness test can be 
seen as a macro test [11]. As it was required to determine the hardness 
through the thickness plane of the formed samples, and as the thickness of 
the sheet metal used for this study was 4mm, the macro Vickers hardness 
test would not be suitable. A microhardness test uses a precision cut 
diamond pyramid indenter where the test load ranges from a few grams to 1 
kilogram. Figure 2.8 below illustrates the between faces angle of a Vickers 
hardness test diamond pyramid indenter. 
 
Figure 2.8: Indicating the 136 degree face angle of a Vickers hardness test indenter
 [16]
.  
2.4.3 Microhardness correlation 
It is a well known fact that a materials yield strength and ultimate tensile 
strength changes with cold working [17, 18]. This is due to the change in 
hardness of the material. As the shape of the formed material differs from the 
parent material it is difficult to determine the new yield strength of the 
material by means of tensile tests. It is well documented in literature that 
there is a clear correlation between material hardness, yield and tensile 
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strength. The change in yield and tensile strength can thus be estimated 
based on the change in hardness. Calculating the estimated yield strength 
due to a change in hardness [17, 18]:  
       (2.5) 
Where: 𝜎y = Original Yield strength 
  HV = Original Vickers hardness of the material in kg/mm2 
HVnew = New Vickers hardness value of material in in kg/mm
2 
  𝜎y, est = Estimated yield strength  
Calculating the corrected tensile strength due to a change in hardness [17, 18]:  
  (2.6)
 
 
Where: 𝜎u = Estimated tensile strength 
  HV = Vickers hardness of the material in N/mm2 
m = Meyer’s hardness coefficient 
And:  m = n – 2 
n = Strain hardening exponent 
It is essential that the HV value in equation 2.3 be multiplied by gravity to 
convert it from kg/mm2 to N/mm2.  
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2.5. Charpy impact testing and material toughness 
Toughness is the ability a material possesses to absorb energy when in the 
plastic region. It is sometimes desired for a material to possess a high 
toughness when the material will be exposed to stresses ranging above the 
yield strength of the material. A simple example where such materials will be 
required will be for gears and hoist crane hooks. Toughness of a material 
can be defined as the amount of work per unit volume a material can be 
exposed to without causing it to fracture. For this reason ductile materials will 
possess greater toughness than brittle materials. Figure 2.9 below indicates 
why ductile materials have greater toughness than brittle materials. This is 
because the area under the graph of the ductile material is greater than the 
area of the brittle material. 
 
 
 
 
 
 
 
 
Figure 2.9: Toughness graph indicating the difference in toughness between brittle and 
ductile materials
 [19]
.
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The Charpy impact test was developed by Frenchman August Georges 
Albert Charpy at the beginning of the 20th century. This test was developed 
to determine the impact resistance or toughness of a material. The test 
consists of breaking a standard sized notched bar by using a pendulum 
hammer. The amount of energy required to break the notched bar is 
measured by the difference in drop height. This is the height from which the 
hammer is released, to the height the hammer goes up after breaking the 
notched bar. If the material being tested is extremely brittle the hammer 
would go up to the same height from which it was dropped. If the material is 
extremely ductile or tough, the material will not break and the hammer will 
not swing up at all or to the same height from which it was dropped. 
According to ASTM standard E23 will the standard size of a 45° V notch bar 
is 10x10x55mm, with a notch depth of 2mm and a notch radius of 0.25mm. 
Due to material constraints this standard could not be met as the thickness of 
the material being tested was 4mm with a width of 50mm. Because the 
Charpy impact test specimens are of a sub-standard size, the energy 
necessary to break the specimens will be less than the standard size 
specimen. According to Chao et. al. energy can be measured from sub-
standard specimens by multiplying the substandard energy values by a 
normalizing correction factor (NF) to give a similar energy value that would 
have been obtained if a standard size specimen were being used. The 
normalizing correction factor is given as follows [20]:   
       (2.7) 
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Where: B = Specimen thickness 
b = Thickness under the notch 
Kt = Modified stress concentration factor 
L = Span (length) of specimen 
For this project only the thickness and span (length) of the test specimens 
does not meet ASTM standards and therefore corrections will only be made 
for these two parameters. The correction factor by which the sub-standard 
energy values will be multiplied equates to: 
655.1NF
50
55
5.5
10
NF


 
As this is a comparative study the actual energy values obtained from a 
standard specimen will not be necessary, as the object of the impact test will 
be to determine what influence the forming process had on the material. But 
it is the opinion of the author that modified toughness values might still be 
used for future studies.  
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2.6. Residual stresses 
2.6.1 Introduction 
When the surface of a specimen has been deformed due to some forming 
process, the material would have to be deformed plastically. This plastic 
deformation induces residual stresses as the plastic deformation is not 
uniform throughout the entire cross section of the formed part [10]. As soon as 
the external forming load is removed, these regions which have been 
plastically deformed, prevents the adjacent elastic regions from undergoing 
complete elastic recovery. Because of this, the deformed elastic regions are 
left in residual tension and the deformed plastic regions will be in a state of 
residual compression [10]. This compressive and/or tensile residual stress 
state is necessary to balance the stresses over the cross section of the 
specimen. Thus the region which was deformed in tension will have 
compressive residual stresses, while the region which was deformed in 
compression will have tensile residual stresses. The maximum residual 
stress that can be induced in a material is equal to the elastic limit of the 
material. This is because residual stresses are elastic in nature [10].  
When designing against fatigue, residual stress is a very important factor that 
has to be considered. Residual stresses can either be beneficial or 
detrimental. For analytical purposes residual stresses can be treated the 
same as ordinary applied stresses, where compressive residual stresses are 
subtracted from the applied tensile stresses, thus decreasing the overall 
applied stress. Tensile residual stresses on the other hand are added to the 
applied stresses, thus increasing the overall applied stress [2].  
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2.6.2 Residual stress measuring techniques 
Residual stresses are difficult to calculate therefore they are determined 
through different experimental methods. These methods can either be 
destructive or non-destructive. For the destructive method, part of the 
stressed material is removed which will cause redistribution of the stresses in 
the remaining material. The material is usually removed through drilling of a 
hole where the redistributed stresses are measured by means of a strain 
gauge which is bonded to the selected area. The most common non-
destructive method used is through X-ray analysis. With this method the 
interatomic spacing of a particular lattice plane is measured and then 
compared to the spacing of a stress free lattice plane. For this research 
study the destructive hole drilling method will be used. 
2.6.3 Hole drilling method for measuring residual stresses 
The hole drilling method is a common method used to measure residual 
stresses. A strain rosette with three or more elements is bonded to the 
surface being analysed. A hole is drilled at the centre of the strain rosette to 
depth of 0.4 of the mean strain gauge circle diameter (0.4D). As the hole is 
being drilled the residual stresses present in the material surrounding the 
hole relaxes. These relieved strains are measured which then can be used to 
calculate the principal residual stresses [21]. The formulae used to calculate 
these principal stresses are given in the following section. 
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2.6.4 Determining principal stresses from residual stress data 
As residual stresses play a major role during the failure of a structure, these 
stresses have to be incorporated when designing against fatigue. For this 
study, relationships to calculate the principal stresses would be used under 
thick plate conditions, this is due to the plate thickness being greater than 0.4 
of the mean strain gauge circle diameter (0.4D). The following relationships 
were used to determine the principal stresses from strain values obtained 
during the residual stress analysis [21]:  
 
            (2.8) 
 
        (2.9) 
 
    (2.10) 
 
Where:                              (2.11) 
           (2.12) 
                       (2.13) 
ā and ƃ is obtained from table 1 in ASTM E837-01 standard.  
E = Modulus of Elasticity and ν = Poisson’s ratio. 
             (2.14) 
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2.7. Fatigue strength of metals 
2.7.1 A brief history of fatigue 
Statistical evaluation regarding failure mechanisms have shown that more 
than 70 percent of all product failures can directly be attributed to fatigue [22]. 
Adding to this the annual cost spent on research of material fatigue reaches 
vast amounts, in the United States alone more than a billion dollars are spent 
annually on this subject [23]. Even with all the funding and resources being 
directed into the research and development of a product, fatigue failures still 
occur. Detecting any changes in material behaviour during the fatiguing 
process is nearly impossible and it is for this reason that catastrophic failures 
still occur without any warning [24].  
The first paper on material fatigue was published in 1843 by WJM Rankine, a 
Scottish engineer, physicist and Professor of engineering at the University of 
Glasgow. Rankine’s work was initiated through unexpected railway axle 
failures [23]. Rankine was one of the first to recognise that fatigue failures on 
railway axles were caused by the initiation and then propagation of a crack. 
In the early 1840’s Rankine’s work showed that fatigue failures occurred on 
the shoulder and keyways of railway axles. The reason he found was that 
stress concentrations were the highest at these points. Due to his research 
Rankine then suggested that when railway axles were being manufactured, 
they should be done so with a smoother shoulder [23, 25]. August Wöhler also 
encountered similar problems while working for the German railways, and 
was commissioned in 1852 to investigate the cause of railroad failures 
occurring at the time. Through his research Wöhler invented the rotating 
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bending fatigue testing machine as seen in Figure 2.10, with which he 
discovered the endurance limits of iron and steel [1,23]. 
 
 
 
 
 
 
 
Spangenberg one of Wöhler’s successors created the S-N curve with 
tabulated data he received from Wöhler. This diagram indicates the stress 
amplitude versus the number of cycles to cause failure of a specific material. 
Although Spangenberg created the S-N curve, this diagram still became 
known as Wöhler’s curve [23].  
2.7.2 An introduction to fatigue 
Fatigue which means “to tire”, is the damage and eventual failure of a 
material through cyclic loading. Fatigue can be defined as a term which 
applies to the change in properties of a metallic material due to the repeated 
application of stress or strain. This term usually applies to changes in 
material properties which lead to cracking or catastrophic failure [26]. Fatigue 
damage in any material can be divided into different phases. These phases 
range from change in the microstructure due to dislocations, to the 
Figure 2.10: Wöhler’s rotating bending fatigue testing machine. [22] 
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catastrophic failure of the material. Here follow the different phases of fatigue 
damage [26]:  
 Localized microstructural changes leading to permanent damage. 
 Creation of microscopic cracks (voids) 
 The growth and coalescence of microscopic flaws to form 
macroscopic cracks, which my lead to catastrophic failure. 
 Propagation of macroscopic cracks 
 Structural instability or catastrophic failure  
For a material to fail due to fatigue, certain basic factors will be required. 
These basic factors are as follow [10]:  
 High maximum applied tensile stress values  
 A large fluctuation in the applied stresses and 
 A large number of fluctuating applied stress cycles  
In addition to the above mentioned factors, there are variables that can 
influence the conditions for fatigue. These variables could be size, type of 
loading, surface finish, surface treatment, temperature and environment [27]. 
The influence these factors have when calculating the fatigue life of a 
material will be discussed in the next section.   
2.7.3 Mean and alternating stresses  
A fluctuating stress cycle consists of the following two components, mean 
stress (𝜎m) and alternating stress (𝜎a). The following relationships and 
definitions are used when discussing mean and alternating stresses [10]:  
Stress range:             minmax            (2.15) 
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Stress amplitude:           
2
minmax 

a    (2.16) 
Mean stress:           
2
minmax 

m    (2.17) 
Stress ratio:            
max
min


R               (2.18) 
When 𝜎max = 𝜎min the mean stress will be equal to zero. Under these 
conditions the stress ratio (R) will be equal to -1. These are the same 
parameters set for this research project as it is the worst fatigue condition a 
material can be exposed to. Figure 2.11 is a stress cycle indicating all the 
possible definitions relating to it. 
  
 
2.7.4 Stress-Life approach  
The Stress-Life approach is best suited for high cycle fatigue conditions. This 
is when the number of fatigue cycles exceeds 1000 [27]. With this test method 
the induced stresses remain in the elastic region of the material. Through the 
Stress-Life approach the alternating stresses (Sa), versus the number of 
cycles (N) are plotted on a log-log graph. This method for plotting fatigue 
Figure 2.11: Indicating the possible relationships of a fatigue stress cycle
 [28]
.
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data can be used with results obtained from any high cycle fatigue test. As 
the Stress-Life approach was one of the parameters set for this research 
project for testing fatigue specimens, methods to theoretically determine the 
fatigue limit of a material will be discussed next. For this research study the 
Juvinall and Marshek method to determine the fatigue life of a material was 
chosen [5]. This method was chosen as it applied to the type of material used 
for this research project. This method uses a log-normal graph to plot data 
points at 103 and 106 cycles which is said to be the endurance limit for 
carbon steel [5]. As stated previously there are different factors influencing the 
fatigue strength of a material. Juvinall and Marshek incorporate these factors 
into their equations. They are given as follows, Load factor (CL), Size factor 
(CG), Surface factor (CS), Temperature factor (CT) and Reliability factor (CR). 
The Surface factor (CS) can be determined from Figure 2.12 below
 [5].  
 
Figure 2.12: Effect of different surface finishes on steel
 [5]
.   
Chapter 2: Review of related l i terature  
35 
 
The other factors influencing the fatigue strength of a material can be 
determined from Table 2.1 below [5].  
Table 2.1: Parameters influencing the fatigue strength of a material
 [5]
.
 
 
 
The equation to determine the fatigue strength of a material at 103 cycles 
under bending load conditions, are given as follow:  
Tuf CS9.0S      (2.19) 
The equation to determine the fatigue strength of a material at 106 cycles 
under bending load conditions, are given as follow: 
  RTSGLnn CCCCC'SS     (2.20) 
Where:  S’n (for steel) = 0.5Su  
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It must be stated that the empirical relationships in this section are only 
estimations. The modification factors are specified for the endurance limit as 
it would be seen as a conservative approach if they are applied over the 
entire S-N curve [27].  
2.7.5 Fatigue characterization of steel 
Fatigue testing can be very expensive, so several empirical relationships to 
generate the line defining the infinite-life region were developed. The results 
of a fatigue test or of the above mentioned empirical relationships are plotted 
on a constant-life fatigue diagram. This diagram consists of two main axes, 
an alternating stress, 𝜎a, or stress amplitude axis (y-axis) and a mean stress 
axis, 𝜎m, (x-axis). The line defining the infinite-life region is named the 
constant life line. This line connects the endurance limit under actual 
conditions, Sn, of a material on the alternating stress axis, to either the yield 
strength, Sy, or ultimate tensile strength, Su, on the mean stress axis. The 
following relationships are commonly used to determine the infinite design 
region of ductile materials: 
Gerber:    1
SS
2
u
m
n
a 






 


   (2.21) 
Goodman:    1
SS u
m
n
a 



    (2.22) 
Soderberg:    1
SS y
m
n
a 



    (2.23) 
Literature states that the Goodman equation is better suited for brittle 
materials, thus very conservative when applied to ductile materials [26]. 
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Research also shows that actual data tend to fall between the Goodman and 
Gerber curves and that the Soderberg method will be the most conservative 
of all the mean stress equations [27]. Figure 2.13 below is of a constant-life 
fatigue diagram comparing the different mean stress equations [27].  
 
Figure 2.13: Comparison of the different mean stress equations
 [27]
. 
 
2.8. Summary 
Through the topics discussed in this chapter it was found that a relationship 
exists between the microstructure, mechanical and chemical properties and 
fatigue life of a material. As fatigue life is the main theme of this study, the 
need to investigate these aspects became apparent.  
Forming of a material is usually done and measured as percentage cold 
work; this is the degree of plastic deformation a material is exposed to. The 
degree of plastic deformation is then determined through the reduction in 
area after a material has been formed. For this study the degree of plastic 
deformation was determined by measuring the strain induced during the 
forming process. As the measured strain had to be converted to stress, an 
Safe design zone 
Finite life region 
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accurate method for converting plastic strain to stress, had also to be 
investigated. 
In the following chapter the setup of the different experiments as well as that 
of the different tests, will be discussed in detail. The aim of Chapter 3: 
Experimental setup will be to describe the methodology followed to deliver 
credible and accurate results during testing.   
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Chapter 3 
Experimental set-up 
3.1. Introduction 
The methods followed during the set-up of tests and experiments used for 
this research study, will be discussed in this chapter. Experimental set-up in 
the following fields of analysis will be discussed: material characteristics, 
mechanical forming of plate samples, hardness, material toughness, residual 
stress analysis and fatigue testing.  
3.2. Material characteristics 
3.2.1 Tensile testing 
Standard tensile test specimen were prepared and cut from the parent plate. 
Six tensile test specimen were cut from the transverse direction of the parent 
material, i.e. 90˚ to the rolling direction of the sheet.  
3.2.1.1 Tensile test specimen preparation 
The tensile specimen were tested on two tensile testing machines, three 
tensile specimen on a  INSTRON tensile testing machine and the other three 
specimen on a HOUNSFIELD tensile testing machine. The reason being, 
firstly the HOUNSFIELD machine provides a true stress versus true strain 
curve of the material, where the INSTRON machine gives the stress versus 
cross-head displacement, and secondly the HOUNDSFIELD machine stops 
recording test data as soon as the extensiometer is removed from the 
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test specimen i.e. after 4.5mm displacement. The true stress versus true 
strain curve was required to calculate the strain hardening exponent, n, and 
strength coefficient, K, of the material. Both these factors were determined 
according to ASTM standard E646 and will be discussed later in this chapter.  
All six tensile test specimen were sprayed with engineers marking blue, 
where the original gauge length of 50mm (Lo) was marked off on the reduced 
area. Both tensile testing machines were equipped with a 25kN dynamic load 
cell and the cross-head displacement on both machines was set at 5mm/min. 
The tensile test specimen were pulled until failure and from the average data 
recorded from the three tensile specimen tested on the INSTRON machine 
the true stress versus crosshead displacement was plotted.  
3.2.2 Calculating percentage elongation 
Equation 3.1 was used to determine the percentage elongation (ef) of the 
material after the tensile test was performed [10]. The original gauge length 
(Lo) and the final length (Lf) were measured before and after the tensile tests 
were carried out. The percentage elongation equation is given as follow: 
100
L
LL
e
o
of
f 

      (3.1) 
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3.2.3 Chemical composition 
Chemical analysis was carried out on specimen cut from the parent or “as 
manufactured” material. The purpose of the analysis was to determine the 
true chemical composition of the material being tested. 
Three samples of 50x50x4mm were cut from the parent sheet. One of the 
surfaces of each of the three samples was ground using 120 to 600 grit 
silicon carbide paper. This produced an acceptable surface finish to obtain 
accurate spectrometric chemical analysis. The samples were placed in the 
“SpectromaX”, with the ground surface facing the source of the UV beam. 
Each of the three specimen was spark tested by the UV beam three times. 
To ensure the results obtained were accurate, a calibration specimen of 
grade AISI 1020 steel supplied by the Brammer Standard Company, Inc. was 
tested before and after completion of this test.  The results obtained 
correlated with the standard supplied by the Brammer Standard Company.  
3.2.4 Microstructure 
Microstructural analyses had to be performed on both the parent and formed 
plate samples to determine the influence of the forming process on the 
material. 
3.2.4.1 Sample preparation 
Two segments were cut from the parent as well as the formed plate samples, 
as seen in Figure 3.1, to analyse the microstructure of the material.  The 
specimen was prepared according to ASTM standard E112-96 and 
evaluated using an optical microscope.  
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The segments were hot mounted in polymeric resin using a Buehler 
SimpliMet1000 machine where they were ground with silicon carbide paper 
ranging from 120 to 1200 grit. The specimen was polished with a diamond 
paste having a grit size of 6 and 1 micrometer, followed by etching in 2% 
nital for approximately 30 seconds. The etched specimen were evaluated at 
x100 magnification using an Olympus G71 optical microscope, where the 
average grain size of the parent and formed plate samples were determined 
according to ASTM standard E112-96. 
 
Figure 3.1: Illustration showing how the segments were cut from the parent and formed 
plate samples. 
 
 
 
Longitudinal 
cross-section 
Transverse 
cross-section 
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3.3 Mechanical forming of plate samples 
3.3.1 Introduction 
AISI 1008 steel plate samples with dimensions 200x50x4mm, cut along the 
transverse direction of the “as manufactured” material were stretch-bent to a 
radius of curvature of 120mm by means of a single acting 25 ton mechanical 
press. Stretch-bending were induced in the plate samples due to the 
clamping force holding the plate samples in position during the downward 
motion or striking action of the punch. 
3.3.2 Plate sample preparation for strain measurement 
Surface preparation of the steel plate samples was necessary before the 
strain gauges measuring the amount of strain induced in the material during 
the forming process, could be mounted. These strain gauges provided 
evidence that the induced stresses did not exceed the tensile strength of the 
material. 
The area where the strain gauges were to be bonded were bead blasted with 
a fine abrasive to remove the manufacturer’s oxide layer. An area of 
approximately 30x30mm was cleaned on one side per plate sample. The 
position of the cleaned area was chosen so that the bonded strain gauge 
would coincide with the apex of the 120mm radius of curvature. 
The bead blasted area on the plate samples was further grinded by means of 
silicon carbide paper having a git size of 120. The ground area was cleaned 
repeatedly with cotton swabs soaked in acetone until there was no 
discolouration of the swab. HBM 3/120 LY 41-3-1M foil type strain gauges 
were used to measure the induced strain in the plate samples. These strain 
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gauges were chosen as they suited high strain rate strain measurement. As 
stated in the previous segment the strain gauges were positioned so as to 
measure the maximum induced strain in the plate samples. CN, 
cyanoacrylate adhesive by TML, were used to bond the strain gauges to the 
plate samples. The adhesive was left to cure for one hour after which the 
gauges were covered with a layer of Vishay’s, M-coat air drying polyurethane 
coating. The main function of the M-coat was to protect the bonded strain 
gauges against humidity and from being scratched. Once the M-coat had 
cured the strain gauged plate samples had to be calibrated to ensure that the 
required strain was equal to the actual induced strain. 
3.3.3 Strain gauge calibration 
For the data recorded during the forming process to be credible, the plate 
samples with the strain gauges bonded to them had to be calibrated. The 
purpose of this experiment was to confirm the strain measured with that of 
mathematical calculations. All the plate samples that needed to be calibrated 
were clamped as a cantilever with the point load being applied 150mm from 
the edge of the table to which the plate samples were clamped. The strain 
gauge measured 90mm from the point load. The strain gauges were 
connected to a Vishay P3 strain indicator, with the strain indicator being set-
up with the correct gauge factor and bridge type entered in the machine. The 
strain indicator was then balanced with the hangar bracket (this is the 
bracket the masses were hung on) fitted to the plate sample. Four masses of 
5.32kg, 5.22kg, 5.21kg and 4.57kg were used during the calibration of the 
plate samples. The total sum of the masses when mounted induced a stress 
of approximately 70% of the yield strength of the material, thus remaining in 
Chapter 3: Experimental set-up 
 
45 
 
the limit of proportionality of the material.  Figure 3.2 shows the set-up during 
calibration of the plate samples. In this figure two masses had already been 
added to the hanger bracket. 
 
Figure 3.2: Set-up used during calibration of plate samples. 
 
Masses were placed on the hanger bracket consecutively with the strain 
value being recorded after each weight placement. Strain recordings were 
also taken during unloading of the masses to ascertain correct calibration 
characteristics. Table 3.1 below is of the strain values recorded during the 
calibration experiment of sample 1. 
 
 
 
 
 
 
Vishay P3 strain indicator 
Hanger bracket 
Calibration masses 
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Table 3.1: Recorded strain values of sample 1 during calibration experiment. 
Calibration data of sample 1  
Mass 
(kg) 
Micro strain (μm/m) 
Test 1 Test 2 Average  
Loading  Unloading Loading  Unloading Loading Unloading 
0 0 3 0 0 0 1.5 
5.32 182 188 184 185 183 186.5 
5.22 361 368 366 368 363.5 368 
5.21 540 547 545 547 542.5 547 
4.57 702 702 703 703 702.5 702.5 
 
As the loading of the plate samples were within the elastic limit of the 
material, Hooke’s Law was applied in converting the stress to strain. The 
following calculation was used during the calibration of the plate samples.  
Calculating the strain induced in the plate samples: 
Young’s Modulus for AISI 1008 = 200GPa, Applied mass = 20.32 kg, 
Distance from strain gauge to point load (x) = 0.09m, Distance from neutral 
axis to outer fibre (y) = 0.00195m, Width of plate sample (b) = 0.05m, 
Thickness of plate sample (d) = 0.0039m 
0.000708
30.00390.05910200
0.001950.099.8120.3212
3Ebd
12Fxy
ε





 
With the maximum load of 20.32kg, the difference between the actual 
induced strain and calculated strain were insignificant. This was ascertained 
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when comparing the calculated strain value of 708µɛ to the 703µɛ measured 
during the calibration process. Figure 3.3 indicates the plotted induced stress 
versus applied load values. With this output data, plate sample 1 was ready 
to be formed. All data recorded during the calibration test of the plate 
samples, as well as the plotted graphs can be found in Appendix A. 
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Figure 3.3: Linear response of the strain gauge during calibration. 
 
3.3.4 Mechanical press set-up 
As stated previously a Gosmeta type EP-25 mechanical press was used to 
form the plate samples. The press is single acting, which implies that there is 
only one moveable slider acting in a downward direction. This press can 
exert a maximum forming load of 25 tons or 245 kN. A trial and error method 
was employed prior to the actual stretch bending of the plate samples. 
During the trial session the stroke length of the ram was varied until the 
correct shape and curvature of the formed plate samples were obtained. The 
stroke length of the press ranges between 6 and 60mm, and can be set by 
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the eccentric located on the ram in steps of 6mm. Distances smaller than 
6mm can be set by the fine tuning nut located between the ram and the 
slider. Figure 3.4 below is of the Gosmeta EP-25 mechanical press, located 
at the Nelson Mandela Metropolitan University’s north campus, which were 
used to form the plate samples to a radius of curvature of 120mm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4: 25 ton Mechanical press used for this research study. 
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3.3.5 Stretch bending set-up 
3.3.5.1 Fitment of plate samples in the bending fixture 
The calibrated strain gauged plate samples were placed in the bending 
fixture with the strain gauges facing downward i.e. toward the die. The die 
contained a groove which would accommodate the strain gauges during 
forming without damaging them. Once a plate sample was placed in the 
bending fixture, the plate clamps holding the plate sample in position, were 
tightened to a torque of 120N.m. This torque setting was decided on through 
information received from a previous trial test. Figure 3.5 shows the bending 
process set-up. 
 
 
 
 
 
 
 
 
 
 
3.3.5.2 Set-up of data acquisition system 
After the plate sample had been secured in the bending fixture, the strain 
gauge was connected to a SoMat eDAQ data acquisition system. The eDAQ 
is a sealed mobile data acquisition system which was developed to operate 
under the harshest conditions.  
Figure 3.5: Illustration of the bending process set-up before 
forming of the plate sample. 
Strain 
gauge lead 
Bending 
fixture 
Plate clamp 
Strain gauged 
plate sample 
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To measure the strain which the ram exerts on the workpiece during the 
forming process, the connection leads connecting the strain gauges with the 
eDAQ system, had to be soldered together. SoMat SAC-TRAN-MP-10 
transducer cables were used for this task. The male ends of the transducer 
cables were connected to an analogue input socket located on the eDAQ 
unit. While the strain gauge bonded to the ram of the press was then joined 
with the other end of the transducer cable. The complete set-up of the data 
acquisition system including the SoMat Test Control Environment (TCE) 
software of the support computer is fully explained in the SoMat user 
manual. For this research study the sampling rate was set at 10 000Hz. 
Figure 3.6 is of the SoMat eDAQ data acquisition system with support 
computer, used during this research study. 
 
 
 
 
 
 
 
 
 
Figure 3.6: Data acquisition system with support computer used during 
forming of the plate samples. 
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3.3.5.3 Stretch bending of plate samples 
After a calibrated plate sample had been securely fastened to the bending 
fixture, and the set-up of the SoMat Test Control Environment (TCE) 
software was complete, stretch bending of the plate sample could 
commence. Before the press could be engaged the TCE software recording 
the data provided by the strain gauges had to be initiated. After forming of 
the plate sample, the power to the press was switched off and the TCE 
software recording the induced strain stopped. The real time test data was 
viewed on the support computer to see if the recorded strain data reacted as 
expected i.e. forming a bell shaped curve. From here the data was converted 
to a SIF file format so it could be viewed and analysed on a personal 
computer. Figure 3.7 below is of the bending fixture with a formed plate 
sample still in position.  
 
 
 
 
 
The leads attached to the strain gauge which were bonded to the surface of 
the plate sample, can be seen protruding from the side of the bending fixture 
in Figure 3.7 above.  
Punch 
Strain 
gauge lead 
Formed plate 
sample 
Figure 3.7: View of the bending fixture with a plate sample still in position after the 
forming process 
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Figure 3.8 below is of a formed plate sample. Here the bonded strain gauge 
can still be seen in position after the forming process. 
 
3.4 Hardness 
A Vickers microhardness test was carried out on the transverse and 
longitudinal cross-sections of both the formed and parent plate samples as 
illustrated in Figure 3.1. The cut segments were placed in the hot mounting 
press of a Buehler SimpliMet 1000 machine where they were set in 
thermoplastic resin. The segments were set in the resin so that the 
longitudinal and transverse cross-sections were visible during the 
microhardness test. The specimen were coarse and fine ground with silicon 
carbide paper and further polished with a micro diamond paste having a grit 
size of 6 micrometer. The polished specimen was place on the stage of a 
Future-tech FM-700 fully automated microhardness tester; so that the 
polished surface of the specimen were visible through the optical microscope 
of the tester.  
 
Figure 3.8: A formed plate sample with a strain gauge bonded at the apex of the outer 
surface. 
Outer surface 
Inner surface 
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Figure 3.9 is of the Future-tech FM-700 micro hardness tester used during 
this research study.  
 
 
 
 
 
 
 
 
 
 
Figure 3.9: Future tech FM-700 fully automated microhardness tester. 
 
The indentation matrix was designed such that the first and last indentation 
of each row was not closer than 0,9mm from the edge of the material. Each 
row contained 8 indentations which were spaced 0,3mm apart. This aligns 
with ASTM standard E384, which recommends that the closest permitted 
spacing for Vickers indentations is 4dv.   
Where: dv = Vickers diagonal indentation length.  
The Vickers diagonal indentation length is the average indentation length 
and in this investigation was measured to be 0,075mm.  
A total of 5 indentation rows spaced 4 mm apart were made. This was to give 
the widest spread of information across the available area of the test 
specimen. Each indentation was measured manually by setting the machine 
to semi-automatic mode. The measured values were recorded by the 
Stage 
Micro-hardness 
tester 
Computer 
with 
analytical 
software 
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software supplied with the hardness tester. The test was performed with an 
indenter load of 300g, and the dwell time was set at 15 seconds. From the 
recorded indentation matrix values, the average hardness of each specimen 
was calculated. 
3.5 Material toughness 
For this research study Charpy impact tests were carried out on sub-
standard specimen. The sub-standard specimen with dimensions of 
50x10x4mm were cut from the parent and stretch-bent samples, as indicated 
in Figure 3.10 below. 
The V-notch samples were impact tested on a PSW type 30/15 Charpy V-
notch impact tester as seen in Figure 3.11. 
 
 
 
Figure 3.10: An illustration of how the Charpy impact test specimens were 
removed from the formed and parent plate samples. 
Stretch-bent plate sample 
Parent plate sample 
Nr: 1 
Nr: 2 
Nr: 3 
Nr: 4 
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Figure 3.11: Charpy V-notch impact tester used for this research study. 
The technical data regarding the impact tester used for this study is given in 
Table 3.2. 
Table 3.2: Technical data of the Charpy V-notch impact tester used for this research study. 
 
 
 
 
 
Striking energy 29.4 daJ 
Lifting angle 161.215 ˚ 
Pendulum weight 20 kg 
Pendulum radius 770 mm 
Pendulum reduced radius 765 mm 
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Four parent and four stretch-bent plate samples where used to cut the V-
notch impact specimen from. From each of the eight plate samples four V-
notch specimen were cut, and machined to a sub-standard size of 
50x10x4mm with a V-notch depth of 2mm and notch radius 0.25mm. Each V-
notch specimen from each plate sample was marked from 1 to 4 where they 
were divided into three groups as there were three temperature ranges which 
the material was going to be tested at. The function of the numbering system 
was to prevent specimen from the same area of the plate samples, 
especially the formed plate samples, ending up together in the same 
temperature group as each temperature range contained five V-notch 
specimen (the fifth V-notch specimen was taken at random). The V-notch 
specimen were not taken from the same plate samples they were cut from, 
as this might not have provided such a wide spread average of the material 
toughness during testing. The three temperature ranges were approximately 
-60˚C, -5˚C and room temperature (approximately 22˚C). In Chapter1 it was 
motivated that the lower temperature range at which the material should be 
tested, was approximately -40˚C. Through preliminary testing it was found 
that due to the carbon content of the material the transition zone would not 
be reached, hence reducing the temperature to -60˚C.  
The specimen that was tested below zero degrees was soaked in a bath 
made up of liquid methanol and dry ice for a time period of 30minutes. This 
time period was chosen to ensure the temperature of the material was 
uniform throughout. The V-notch specimen was transferred from the bath to 
the anvil of the Charpy impact tester within 5 seconds in accordance to 
Chapter 3: Experimental set-up 
 
57 
 
ASTM standard E23. The pendulum was released from its maximum height 
position, where it struck the opposite side containing the V-notch. The 
measured energies together with the temperatures of the tested specimen 
were recorded. 
3.6 Residual stress analysis 
3.6.1 Sample preparation 
As stated in Chapter 2: Review of related literature, the hole drilling method 
was used to determine the residual stress of both the parent and stretch-bent 
plate samples. Five plate samples were prepared for the residual stress 
analysis process of which one were parent. Of the four mechanical formed 
plate samples two were prepared to measure the induced stresses on the 
outer surface and two for the inner surface. The area where the strain 
rosettes were to be bonded was prepared exactly the same as in section 
3.3.2. The plate samples were bead blasted with a fine abrasive to remove 
the oxide layer formed on the material. Only one area per plate sample was 
cleaned. For the formed plate samples, residual stresses would be measured 
on the apex of the inner and outer curved surfaces. Again the bead blasted 
area was approximately 30x30mm. The bead blaster operated at an air 
pressure of 3.5bar. At this air pressure the amount of surface stresses 
induced in the plate samples can be considered as negligible. 
3.6.2 Fitment of strain rosettes 
The bead blasted area on the plate samples was further ground by means of 
silicon carbide paper and cleaned with cotton swabs soaked in acetone until 
there was no discolouration of the swabs. Micro Measurements type EA-06-
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062RE-120 strain rosettes were used to measure the residual stresses. As 
stated previously the strain rosettes were fitted in the middle of the parent 
plate samples and on the inner and outer surfaces of the apex of the formed 
plate samples. Cyanoacrylate adhesive by TML was used to bond the strain 
rosettes to the plate samples. The adhesive was left to cure for an hour after 
which the gauges were covered with a layer of Vishay’s, M-coat air drying 
polyurethane coating. Figure 3.12 below indicates the position where the 
strain rosettes were bonded to the different plate samples. 
 
 
 
 
 
 
 
 
 
 
 
3.6.3 Hole drilling 
The strain rosettes were connected to a Spider8 amplifier from the residual 
stress equipment, by means of connector leads. The residual stress set-up 
was done as per software prompts which accompanied the equipment. 
Figure 3.13 illustrates the set-up of the residual stress equipment used 
during this study.  
Figure 3.12: Illustrating where the strain rosettes were bonded to the 
different plate samples. 
Parent plate 
Formed plate sample 
with strain rosette on 
outer surface 
Formed plate sample 
with strain rosette on 
inner surface 
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Figure 3.13: Set-up of the residual stress equipment used during this study. 
 
The strain gauged plate samples were fixed to the surface of a steel table by 
means of HBM’s X60 fast drying cement. The drill head was aligned with the 
centre of the strain rosette by means of a telescope which is fitted in the drill 
head. A 1.6mm diameter endmill was used to drill the hole and after 
fastening was positioned at the surface of the plate sample. The software 
set-up was completed and the gauges zero balanced. The drilling process 
could now commence. The relieved strains was recorded and exported into 
an Excel worksheet. The preparation of the plate samples, set-up of the 
residual stress test and calculating of Principle stresses were done according 
to ASTM standard E837-01. The parameters used during set-up of the 
software are indicated in Table 3.3.  
 
 
 
Spider8 amplifier 
Support computer 
Pneumatic drill 
Pneumatic hose 
X60 fast drying 
cement holding plate 
sample in position 
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Table 3.3: The parameters used during software set-up.  
Hole depth 2mm 
Drilling method Linear 
Number of steps 40 
Plunge speed 0.2mm/min 
Acquisition delay 5seconds 
Drilling delay 2seconds 
Stress evaluation method Non uniform ASTM standard 
Poisson’s Ratio 0.29 
3.7 Fatigue testing 
3.7.1 Sample preparation 
Fatigue specimen were cut according to ASTM standard E466-96 from both 
the parent and formed steel plate samples by means of water jet cutting. 
Water jet cutting was chosen as no heat affected zone (HAZ) would be 
created along the cutting edge of the fatigue specimen such as by laser 
cutting, which meant more machining processes to remove the HAZ. Figure 
3.14 illustrates the dimensions to which the fatigue specimen was cut. 
 
Figure 3.14: Dimensions of fatigue specimen according to ASTM standard E 466-96 
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Figure 3.15 shows the fatigue specimen after water jet cutting. 
 
 
 
 
 
 
 
 
 
 
Figure 3.15: Fatigue specimens after being water jet cut 
As the sides of the fatigue specimen were not smooth in texture due to the 
water jet cutting process, they had to be sanded to remove any stress raisers 
i.e. sharp edges or rough surface textures. Only the hourglass shape of the 
fatigue specimen would be sanded. Care had to be taken during sanding not 
to over round the edges either. A 120 grit silicon carbide paper was used to 
sand the sides of the hourglass. Next all fatigue specimen were completely 
covered with a coat of automotive primer. All fatigue specimen would receive 
a conductive circuit on their top and bottom surfaces as seen in Figure 3.21. 
The primer was needed to form a non-conductive layer between the surface 
of the fatigue specimen and a conductive circuit. The function of the 
conductive circuit will be explained a little later in this chapter. A hardener 
catalyst had to be used along with the automotive primer to form the non-
conductive layer on the fatigue specimen. It was found during previous trials 
that without the hardener, the silver conductive paint used to make the 
Formed specimen 
Parent specimen 
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conductive circuit, corroded through the non-conductive primer coating. Once 
all fatigue specimen were coated with a layer of automotive primer, they 
were baked in an industrial oven at a temperature of 60˚C for a period of one 
hour to hasten the curing process of the paint. 
3.7.2 Aligning fatigue specimen  
For the fatigue specimen to be exposed to pure bending during fatigue 
testing, the centroid of the fatigue specimen had to align with the rotational 
axis of the fatigue testing machine. The one end of the fatigue specimen is 
fitted to the dynamometer spring arm while the other end is fitted to the 
driving arm of the fatigue testing machine.  
 
 
 
 
 
 
 
 
 
 
 
Figure 3.16: Illustration of a formed fatigue specimen mounted to the driving 
arm (red) and dynamometer spring arm (green) of the fatigue testing machine. 
Dynamometer spring 
arm 
Driving arm 
Chapter 3: Experimental set-up 
 
63 
 
Figure 3.16 illustrates how the fatigue specimen should be mounted. In this 
figure the bending axis is indicated by a yellow line. It would be ideal if the 
bending axis could pass through the centroid of the fatigue specimen to 
prevent eccentric bending. Alignment of the centroid and bending axis of the 
formed and parent fatigue specimen, was achieved by spacers that were 
specially manufactured from 6061 aluminium. This material was chosen as it 
would absorb vibrations caused by the fatigue test better than cast iron for 
instance. Engineering drawings of the fatigue specimen spacers can be 
found in Appendix B. Figure 3.17 illustrates how the centroid of a formed 
fatigue specimen will align with the bending axis when the specially 
manufactured spacers are used. 
 
 
Figure 3.17: Illustrating alignment of centroid and bending axis with the use of 
manufactured spacers. 
Fatigue specimen 
spacers 
Bending 
axis 
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3.7.3 Setting up of the fatigue machine 
3.7.3.1 Calibrating master fatigue specimen 
Setting of different strain amplitudes at which the fatigue specimen were 
tested was achieved by increasing or decreasing the displacement of the 
adjustable eccentric. To determine the displacement required which induces 
the required strain, a fatigue specimen with strain gauges bonded to the top 
and bottom surfaces, for both the parent and formed specimen, had to be 
made. These strain gauged fatigue specimen or master fatigue specimen 
would measure the strain induced in the top and bottom surfaces of the 
fatigue specimen. The strain gauge was fitted in the middle of the fatigue 
specimen where the reduced area of the hour glass shape was the smallest. 
The strain gauges used was the HBM 3/120 LY 41-3-1M foil type strain 
gauges and the fitment procedure was the same as that found in section 
3.3.2, of this chapter. 
 
 
 
 
 
 
 
 
 
Figure 3.18: Master fatigue specimen mounted to the bending and 
measuring arm during calibration test. 
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Figure 3.18 is of a master fatigue specimen mounted to the driving and 
dynamometer spring arms of the fatigue testing machine. 
The master fatigue specimen had to be calibrated to ensure that the 
calculated strain (which is the desired strain) was comparable to the actual 
strain value measured in the master fatigue specimen. The calibration was 
done by applying a mass to a hanger bracket which was connected to the 
hanger arm measuring a specific distance from the bending axis. The 
measured strain value from the master fatigue specimen was then recorded 
and compared to a calculated strain value. The distance was chosen so that 
when a mass of 3 kg was placed on the hanger bracket, the stress induced 
in the master fatigue specimen would not exceed 70% of the corrected yield 
strength of the formed specimen and 82% of the parent specimen. The 
calculated distance from which the mass must be hung from the bending axis 
for the above mentioned parameters came to 352.5mm. As in  section 3.3.3. 
Strain gauge calibration, the above mentioned percentage values were 
chosen as to remain in the limit of proportionality of the material.  
During the calibration test using a mass of 3 kg, the recorded strain 
measured by the top strain gauge on the formed master fatigue specimen, 
was 1065µɛ. When comparing the calculated strain value to that measured 
during the calibration test, the difference between the values were not that 
significant thus proving the master fatigue specimen were accurate enough 
to use during the set-up of the fatigue machine. All the calculations used to 
complete the calibration test is given in Appendix E.  
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The data recorded during the calibration test for both master fatigue 
specimen is given in Appendix C. Figure 3.19 indicates the set-up used 
during the calibration of the master fatigue specimen. 
3.7.3.2 Setting strain amplitudes  
Now that both master fatigue specimen had been calibrated, the fatigue 
machine could be set-up so testing could commence. It was decided that the 
mechanical formed specimen would be fatigue tested first. The motive for 
this decision was that if the mechanical forming process improved the fatigue 
life of the material as mentioned in section 1.3, there would be no run-out 
found in the parent fatigue specimen. First the upper limit at which the 
mechanical formed fatigue specimen was to be tested at, had to be 
determined. As mentioned in section 1.6 the upper limit at which the 
mechanical formed specimen would be fatigue tested was 90% of the “as 
manufactured” yield strength. But it was found at this stress amplitude during 
preliminary testing of the formed fatigue specimen that the number of cycles 
352.5 mm 
Calibration masses 
Hanger bracket 
Vishay P3 strain indicator 
Hanger arm 
Bending 
axis 
Figure 3.19: Set-up of calibration test. 
Chapter 3: Experimental set-up 
 
67 
 
to failure exceeded 4 million which was considered as run out. It is presumed 
that the run out was largely due to the mechanical forming process altering 
the yield strength of the material due to the increase in hardness, which were 
not taken into account during preliminary testing. As discussed in section 
2.4.3., was it necessary to adjust the yield strength of the mechanical formed 
material due to the change in hardness induced by to the forming process. It 
was calculated that the yield strength of the mechanical formed material 
change from 265 MPa to approximately 311 MPa. These calculations are 
shown in section 4.4.2. Again the stress amplitude for test point 1 of the 
formed specimen was taken at 90%, but this time of the corrected yield 
strength. This value correlates to about 105% of the “as manufactured” yield 
strength with the strain value approximating to 1400µɛ. With the formed 
master fatigue specimen securely fastened and the Vishay P3 strain 
indicator correctly set-up, the first test point could be set on the fatigue 
testing machine.  
The strain induced in the specimen was controlled by adjusting the eccentric 
as indicated in Figure 3.20. Balancing the strain between the top and bottom 
surfaces of the specimen was achieved by adjusting the height of the motor. 
With the desired upper and lower limit to be set between 90% and 50% of 
the corrected yield strength, did the stress magnitude at 90% prove to be 
insufficient to provide the desired number of cycles to failure, which was in 
the region of a 100 000 cycles. So for test point 2 the stress magnitude was 
increased to 95% of the corrected yield strength or 1477 µɛ. Again the 
number of cycles to failure was above the desired value of 100 000 cycles. 
For test point 3 the stress magnitude was increased to 105% of the corrected 
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yield strength or 1633 µɛ. At this stress magnitude the desired number of 
cycles to failure was reached. For the last test point, test point 4, of the 
mechanical formed material, was the desired number of cycles to failure to 
be in the region of 1000 000.  The stress magnitude was reduced to 85% of 
the corrected yield strength or 1322 µɛ to achieve this value.  
 
 
 
 
 
 
 
 
 
For the parent material the fatigue specimen was tested at the same strain 
values as those for the formed specimen. This was purely done to make the 
results comparable with one another. 
 
 
 
 
Increase stroke 
length 
Decrease stroke 
length 
Figure 3.20: Eccentric of the fatigue testing machine indicating how the 
stroke length can be adjusted. 
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3.7.4 Fatigue testing plate specimen 
The number of fatigue specimen tested at each stress amplitude were eight, 
and as the machine testing the fatigue specimen was not fully automated 
(meaning it would not switch off by itself during crack initiation or fracture), a 
conductive circuit had to be placed on the top and bottom surfaces of each 
fatigue specimen to control the fatigue testing procedure. This conductive 
circuit was created by means of silver conductive paint which was painted on 
the top and bottom surfaces in the shape of a U. With crack initiation on 
either of the two surfaces, the circuit would be broken and so the machine 
would be switched off. Figure 3.21 is of a parent fatigue specimen with a 
control circuit painted on.  
To prevent any confusion slipping in when handling the fatigue specimen, 
each fatigue specimen had to be numbered. The numbering system 
consisted of three designations. The first designation indicated the 
orientation of the plate samples, TD (Transverse Direction). The second 
designation indicated the type of fatigue specimen i.e. Parent Plate (PP) or 
Mechanical Formed (MF). And the third designation is the number of the 
fatigue specimen. Figure 3.21 below illustrates the numbering system used 
to organise the fatigue specimen and their recorded data. 
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3.8 Summary  
In this chapter all the relevant experimental set-ups pertaining to this study 
had been discussed to provide the reader with clarity as to the steps followed 
before and during testing, also to describe the equipment and their 
components used during testing. The purpose of these discussions was to 
prove the validity of the results obtained during testing, which will be 
discussed in Chapter 4: Results. 
 
 
 
 
 
 
 
Conductive 
circuit 
Designation 1 
Designation 2 
Designation 3 
Figure 3.21: Parent fatigue specimen with silver conductive circuit controlling the switching 
off of the fatigue machine. The numbering system is scribed into the blue stripe on the left of 
the fatigue sample. This specimen is number 35 cut from the Parent Plate. 
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Chapter 4 
Results 
4.1. Introduction 
The purpose of this chapter will be to provide the reader with essential 
results obtained through completion of experiments and testing. It will be 
shown that there was a decrease in fatigue life of the formed samples when 
compared to the parent material at similar strain amplitudes, that the forming 
process induced residual stresses and that there was a slight increase in 
toughness and hardness of the formed samples. 
4.2. Material characteristics 
4.2.1 Tensile testing 
The test was performed on an Instron 8801 tensile and fatigue testing 
machine located at the North Campus materials laboratory of the Nelson 
Mandela Metropolitan University. The average final length of the tensile 
specimen measured was 72.95mm. With this value and equation 3.1 given in 
section 3.2.2, the percentage elongation could be calculated. Table 4.1 
below contains the average tensile properties obtained during tensile testing.  
Table 4.1: Tensile properties of AISI 1008 taken from the transverse direction of the parent 
material. 
 
% Elongation Upper Yield Strength Ultimate Tensile Strength 
45.9% 265.18MPa 355.82MPa 
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4.2.2 Chemical composition 
The chemical composition of the main alloying elements of AISI 1008 is 
given in Table 4.2 below. The data displayed in this table were obtained by 
means of a “SpectroMaX” spectrometer located at the north campus 
materials laboratory of the Nelson Mandela Metropolitan University. 
Table 4.2: Chemical composition of AISI 1008 which were used for this research project. 
Only the main alloying elements are given. 
 
C Si Mn P S Fe 
0.064 % 0.026 % 0.319 % 0.039 % 0.014 % 99.3% 
 
4.2.3 Microstructure 
Figure 4.1 is a micrograph of the original microstructure of the as-received 
material taken from the rolling direction (longitudinal direction). The average 
grain size was determined according to ASTM standard E112-96 with the 
grain size number for the as-received material ranging between 8 and 8.5. 
 
 
 
 
 
 
 
 
 
 
Figure 4.1: Microstructure of parent plate sample taken from the rolling 
direction. (x500, 2% nital) 
Chapter 4: Results  
 
73 
 
The micrograph seen in Figure 4.1 was taken below the surface of the 
material. From this figure the microstructure can be approximated to 95% 
ferrite and 5% pearlite. Figure 4.2 is a micrograph of the mechanical formed 
material taken below the outer surface of curvature against the rolling 
direction of the material. The average grain size number for the mechanical 
formed material ranged between 7.5 and 8.  
 
 
 
 
 
 
 
 
 
 
 
When comparing the microstructure between the as-received and 
mechanical formed material, no significant difference could be observed 
although the grain size of the mechanical formed plate sample was 
marginally smaller. 
 
 
 
 
Figure 4.2: Microstructure of a mechanical formed plate sample taken 
against the rolling direction at 500x magnification. 
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4.2.4 Strain hardening exponent and strength coefficient calculations 
Five stress and strain values ranging in the uniform plastic regime were 
taken from the tensile data to estimate the Strain hardening and Strength 
coefficients. The stress and strain values listed in Table 4.3 are the average 
plotted tensile data given in Appendix G. 
Table 4.3: Average stress and strain values taken from tensile testing data  
Transverse direction 
True 
Stress, 
MPa   
Y = Log σi Y
2
 
True 
Strain, ɛi 
X= Log σi X
2
 XY 
291.000 2.464 6.071 0.030 -1.523 2.319 -3.752 
312.000 2.494 6.221 0.040 -1.398 1.954 -3.487 
329.000 2.517 6.336 0.050 -1.301 1.693 -3.275 
341.000 2.533 6.415 0.060 -1.222 1.493 -3.095 
353.000 2.548 6.491 0.070 -1.155 1.334 -2.942 
Sum 12.556   -6.599 8.793 -16.551 
 
The strain hardening exponent, n was calculated by using equation 2.2.   
 
 
 
 
The strength coefficient, K was calculated by using equations 2.3 and 2.4. 
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With the strain hardening exponent and strength coefficient calculated, 
stresses ranging in the uniform plastic regime could be calculated by means 
of the Holloman’s equation. This is shown in the next section where the 
stresses induced due to the forming process had to be determined. 
4.3. Mechanical forming of plate samples 
Figure 4.3  illustrates the amount of strain measured during the forming of 
plate sample 1. The maximum strain recorded during this experiment 
measured 52453 micro strain. 
 
Figure 4.3: Strain measured during forming of plate sample 1 
Figure 4.4 illustrates the measured strain recorded during the forming of 
plate sample 2. The maximum strain recorded during this experiment 
measured 44625 micro strain. 
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Figure 4.4: Strain measured during forming of plate sample 2 
For practical purposes the average of the two recorded strain values were 
used, i.e. 48539.535. Using equation 2.1 the average stress induced in the 
material during the forming process was calculated as follows: 
 
 
 
When comparing the calculated value of the average induced stress to the 
tensile strength of the parent material, 355.82MPa, one can clearly see that 
the stress induced falls within the uniform plastic regime of the material. It 
should be noted that had the maximum induced micro strain of 52453.82 
been used, the average stress value would only increase by approximately 
6MPa, which is still within the uniform plastic regime. 
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Figure 4.5: The average stress induced to form the plate samples to a radius of curvature of 
120mm 
Figure 4.5 illustrates the approximate position of the average induced stress 
due to the forming process on a stress vs. cross-head displacement graph. 
The graph represents the average stress vs. cross-head displacement 
obtained during tensile testing. 
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4.4. Hardness 
4.4.1. Hardness values 
The results obtained during through – thickness microhardness testing of the 
parent material are given in Table 4.4. The results given in both Table 4.4 
and Table 4.5 were obtained by using a 300g load during testing. 
Table 4.4: Average hardness values of the parent material 
Hardness values of the parent material, taken against the rolling direction 
Distance HV line1 HV line2 HV line3 HV line4 HV line5 Ave hardness 
0.90 116.61 110.37 108.66 111.13 141.64 119.32 
1.20 107.45 107.69 104.18 113.94 109.39 107.18 
1.50 104.87 107.45 110.13 106.03 109.14 107.90 
1.80 115.53 104.41 106.50 105.56 106.27 108.18 
2.10 113.95 107.21 111.63 109.39 109.14 110.48 
2.40 108.65 106.97 107.93 107.45 108.17 107.93 
2.70 110.88 109.88 107.21 109.88 108.17 109.04 
3.00 105.56 134.01 106.27 109.88 114.47 115.08 
Average hardness of the parent material against the rolling direction 110.64 
 
The hardness indentations of the mechanical formed material taken against 
the rolling direction is seen in Figure 4.6. 
 
Figure 4.6: Macrograph of hardness indentations conducted on mechanical formed material. 
 
 
Hardness indentations 
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The results obtained during through – thickness microhardness testing of the 
mechanical formed material are given in Table 4.5. It should be noted that no 
hardness values were given for line 4. This was because the hardness 
values measured at this position indicated an error as it did not follow the 
trend of the other measured lines. As only four lines were available to 
calculate the average hardness value, the same was done to calculate the 
average hardness of the parent material.  
Table 4.5: Average hardness values of the mechanical formed material  
Hardness values of the mechanical formed material, taken against the rolling direction 
Distance HV line1 HV line2 HV line3 HV line4 HV line5 Ave hardness 
0.90 143.84 143.84 146.85   128.21 140.69 
1.20 133.02 126.67 120.76   133.67 128.53 
1.50 133.02 126.36 131.38   117.69 127.11 
1.80 125.15 119.35 121.34   126.36 123.05 
2.10 127.90 117.69 120.19   119.35 121.28 
2.40 135.35 116.87 117.42   125.15 123.70 
2.70 125.75 133.68 134.68   122.20 129.08 
3.00 144.22 145.33 144.21   133.67 141.86 
Average hardness of the mechanical formed material against the rolling direction 129.41 
 
From Table 4.4 and Table 4.5 it is evident that the hardness of the material 
had increased due to the forming process. These tabulated results are 
plotted in Figure 4.7. The increase in hardness resulting from the forming 
process was expected, however the magnitude there of could not be 
predetermined. 
Chapter 4: Results  
 
80 
 
 
Figure 4.7: Vickers hardness of parent and mechanical formed plate samples 
 
4.4.2. Estimated yield and tensile strengths due to cold working 
Equation 2.5 given in section 2.4.3 was used to estimate the yield strength 
resulting from the permanent deformation caused by the forming process.  
Calculating the estimated yield strength due to the change in hardness: 
σy = 265.18 MPa (Table 4.1), HV of the parent material = 110.34 (Table 4.4), 
HV of the mechanical formed material = 129.41 (Table 4.5).  
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Equation 2.6 given in section 2.4.3 was used to determine the estimated 
tensile strength resulting from the permanent deformation caused by the 
forming process.  
Calculating the estimated tensile strength due to the change in hardness:           
n = (m - 2), where n = 0.227  
                                                                            
 
 
 
Through the estimated yield and tensile strengths the equivalent stress 
amplitudes according to the Gerber, Goodman and Soderberg alternating 
stress relationships were calculated. This will be discussed further in             
section 4.7. 
4.5. Material toughness 
The energy absorbed during Charpy Impact testing of the parent and 
mechanical formed plate samples is given in Figure 4.8. No significant 
increase in toughness can be observed at the room temperature (22°C) test 
point. However at the -5˚C test point a slight increase in toughness can be 
observed for the mechanical formed plate samples. This increase in 
toughness is attributed to the grain structure being slightly more densely 
packed due to the forming process; this can be supported with the slight 
increase in hardness measured in the mechanical formed plate samples 
given in the previous section. Also the curved shape of the test specimen 
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could have assisted in these specimen absorbing more energy due to the 
shift of the centroid position. At -60˚C both parent and mechanical formed 
samples measured close to zero Joules, indicating a complete brittle 
fracture. It can therefore be deduced that the Brittle Ductile Transition 
Temperature lies between -40 and -60 ˚C. This deduction is made due to 
preliminary studies completed prior to testing as discussed in section 3.5. 
The DBTT could possibly lie at the intersection of parent vs. formed material 
location but this would require further investigation. 
 
Figure 4.8: Illustrating the amount of energy absorbed during impact testing. 
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4.6. Residual stress analysis 
This section provides the following data recorded during residual stress 
analysis: 
 Plot of the relieved strain versus depth of each gauge for both parent 
and mechanical formed plate samples. 
 Plot of the relieved stresses versus depth for both parent and 
mechanical formed plate samples. 
The tabulated results of the relieved strain and calculated stresses are given 
in Appendix F. Other data required by ASTM 837-01, such as the mechanical 
properties of the material and specifications of the strain rosettes used has 
already been discussed in sections 3.6 and 4.2.1. For this study the Non-
uniform Equivalent Stress Method was used.  
4.6.1 Parent material 
Data obtained during residual stress analysis of the parent material is given 
in this section. Figure 4.9 illustrates the plotted strain data measured during 
this process. From the figure an initial steep gradient of the relieved strains 
was recorded by all three strain gauges. Thereafter gauge 1 records 
increasing strain before stabilising at around the 1mm depth location. This is 
to be expected as this gauge was aligned with the longitudinal axis of the 
plate sample. Gauges 2 and 3 represents strain readings from the 45° and 
perpendicular locations to gauge 1, which shows a decrease in strain values 
from a depth of approximately 0.35mm.  
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Figure 4.9: Relieved strain versus depth measured in the parent material 
Figure 4.10 illustrates the relieved residual stresses plotted versus the hole 
depth. These are the maximum and minimum principal stresses calculated 
according to ASTM 837-01. The maximum principal stress measured was     
-29.66 MPa as indicated in Figure 4.10. This value equates to approximately 
11% of the “as manufactured” yield strength. The compressive nature of the  
relieved stresses measured in the parent material, can be attributed to the 
manufacturing process. 
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Figure 4.10: Maximum and minimum relieved principal stresses measured in the parent 
material 
 
4.6.2 Mechanical formed material 
As stated in section 3.6.1 relieved strain was measured on the apex of both 
the inner and outer curved surfaces of the formed plate samples. Although 
the average data recorded during residual stress analysis of the two 
mechanical formed plate samples analysed will be used in section 4.7, the 
data given in the following sections are those with the greatest magnitude 
recorded during the measuring process. 
 
4.6.2.1 Outer surface 
Figure 4.11 illustrates the plotted relieved strain versus hole depth measured 
in the outer surface of plate sample 2. All three gauges yielded strains of a 
tensile nature. As gauge 1 aligned with the longitudinal plane of the plate 
sample the measured strain was expected to be of a compressive nature.  
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Figure 4.11: Relieved strain measured on the outer surface of plate sample 2 
It is possible that the compressive stresses induced during the production of 
the “as manufactured” material were greater than those induced during the 
forming process, thus explaining the nature of the strain measured by 
gauge1. Figure 4.12 illustrates the maximum and minimum principal stresses 
versus hole depth calculated from the measured strain. The tabulated results 
together with the calculated principal stresses are given in Appendix F. 
Again, as with the parent material the stress increased in magnitude with the 
depth of the drilled hole up until the 1mm depth location where after a 
gradual increase can be observed.  
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Figure 4.12: Relieved principal stresses calculated from the relieved strain measured on the 
outer surface of plate sample 2. 
As there were two plate samples used to measure the residual stresses 
induced in the outer surfaces of the material, the average value between the 
plate samples will be used from here on. For plate sample 5 the maximum 
relieved principal stress measured was -143.96 MPa and for plate sample 2 
the maximum relieved principal stress measured to be -164.69 MPa. Hence 
the average relieved stress used in the Gerber, Goodman and Soderberg 
fluctuating stress relationships for the mechanical formed material would be  
-154.33 MPa. This value equates to approximately 58% of the “as 
manufactured” yield strength. 
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4.6.2.2 Inner surface 
Figure 4.13 illustrates the plotted relieved strain versus hole depth measured 
on the inner surface of plate sample 3. Gauges 2 and 3 yielded strains of a 
compressive nature while gauge 1 was tensile. This is according to literature 
as mentioned in section 2.6.1. 
 
Figure 4.13: Relieved strain measured on the inner surface of plate sample 3 
Figure 4.14 illustrates the maximum and minimum principal stresses versus 
hole depth calculated from the measured strains. The test yielded a 
maximum principal stress of a tensile nature. This was expected as the 
stress induced in this surface area was compressive in nature. 
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Figure 4.14: Principal stresses calculated from the relieved strain measured on the outer 
surface of plate sample 3 
Two plate samples were also used to measure the residual stresses induced 
in the inner surface of the mechanical formed material, thus the average 
value of the plate samples will be used from here on. For plate sample 3 the 
maximum relieved principal stress measured was 128.29 MPa and for plate 
sample 4 the maximum principal stress measured to be 110.51 MPa. The 
average relieved stress used for the mechanical formed material will thus be 
119.4 MPa. This value equates to approximately 45% of the “as 
manufactured” yield strength. 
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4.7. Fatigue testing  
The results listed in this section was obtained under fully reversed bending 
conditions, with the zero mean stress being as close as possible to R = -1. 
As stated in section 3.7.3 both parent and mechanical formed fatigue 
specimen were tested at similar strain amplitudes. 
4.7.1 Fatigue data of parent material 
When the lower strain limit of 0.001339, given in Table 4.7 is compared to 
the strain calculated through Hooke’s law at yield strength (265 MPa) of the 
“as manufactured” material, 0.001325, it becomes apparent that all test 
points ranged above the yield strength of the parent material. For this reason 
Hooke’s law cannot be used as it is only valid for elastic conditions. Below is 
a sample calculation to convert strain to stress by means of Hooke’s law. For 
this sample calculation the lower strain limit given in Table 4.7 is used to 
determine the stress. 
Young’s Modulus = 200GPa, Lower limit strain amplitude = 0.001339 
 
 
As Hooke’s law proved invalid it was presumed that the parent material test 
points ranged in the uniform plastic regime. If this was to be the case the 
Holloman’s equation would be valid and could be used to convert the strain 
test amplitudes to stress. It was found that the stress values calculated from 
this equation also proved to be inaccurate as all the stress values calculated 
was between 50% and 60% of the “as manufactured” yield strength. 
MPa268σ
0.00133910200
Eεσ
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Below is a sample calculation to convert strain to stress by means of the 
Holloman’s equation, again the lower strain limit is used. 
Strength coefficient, K = 647x106, Strain hardening exponent, n = 0.227, 
Lower limit strain amplitude = 0.001339 
 
 
 
Table 4.6 indicates all the stress values calculated by means of Hooke’s law 
and the Holloman’s equation. 
Table 4.6: Indicating stress values calculated for the parent material by means of Hooke’s 
law and the Holloman’s equation 
 
Upon inspection of Table 4.6 none of the calculated stresses were 
considered to be a true reflection of the actual range of the parent material 
test points. Those calculated by Hooke’s law (for uniform elastic conditions) 
range above the yield strength of the material and those by the Holloman’s 
equation (for uniform plastic conditions) range between 50% and 60% of the 
“as manufactured” yield strength. For this reason it is the opinion of the 
author that the strain values at which the parent material were fatigue tested 
ranged between the limit of proportionality and yield strength or non-uniform 
Average strain amplitude σ1 (Hooke’s law) σ2 (Holloman’s equation) 
0.001667 333.4 MPa 151.5 MPa 
0.001493 298.6 MPa 147.7 MPa 
0.001428 285.8 MPa 146.3 MPa 
0.001339 267.8 MPa 144.1 MPa 
MPa1σ
0.00133910647.11
Kεσ
2
0.2276
n
2
14.44


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elastic regime of the “as manufactured” material. This hypothesis could 
explain why none of the stress calculation models were accurate since none 
of them were valid. With this finding it must be emphasised that this matter 
needs to be investigated further. 
It is mentioned in section 3.7.3.2 that the mechanical formed fatigue 
specimen was to be fatigue tested first. This was purely done to prevent run-
out of the parent material at the same strain amplitudes because of the 
expected increase in fatigue life due to strain hardening of the mechanical 
formed specimen. Thus data given in Table 4.7 and Figure 4.15 is presented 
with regard to strain amplitude and not stress amplitude as would be 
expected. This was done due to the difficulty in determining the correct 
stress amplitude at any test point as mentioned above.   
y = -0.000139ln(x) + 0.003297
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Figure 4.15: Actual fatigue data for parent fatigue specimen 
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Table 4.7: Actual fatigue data for parent fatigue specimen 
Strain amplitude  
Number of 
cycles 
Standard 
deviation 
Average number of 
cycles 
  981361     
  1117965     
  2006197     
0.001339 2119576 677828 1495555 
Lower limit test point 841631     
  685115     
  1700968     
  2511628     
  586488     
  643762     
  480783     
0.001428 605338 59805 559003 
 
554586     
  527773     
  478179     
  595113     
  421188     
  515756     
  480806     
0.001493 345251 122944 423969 
 
655985     
  301139     
  377564     
  294062     
  137594     
  94950     
  157299     
0.001667 109947 24116 135759 
Upper limit test point 124557     
  163419     
  152518     
  145786     
 
From Table 4.7 it can be observed that even at the highest loading condition 
the number of cycles to failure exceeded 100 000. When comparing the 
results obtained to what was expected (through inspection of Figure 4.18), a 
significant increase in number of cycles to failure can be noted. This increase 
in fatigue life can only be speculated over at this stage, but it is assumed that 
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the advances made in the mechanical properties of steel, could be a 
contributing factor. 
4.7.2 Fatigue data of mechanical formed specimen 
Plate samples which were stretch bent, as described in section 3.3.5, to a 
radius of curvature of approximately 120mm, were fatigue tested under fully 
reversed loading conditions at four different stress amplitudes. As with the 
parent material all fatigue specimen were tested until complete failure.  
Figure 4.16 and Table 4.8 contain the results obtained during testing of the 
fatigue specimen. 
Figure 4.16: S-N curve plotted with actual fatigue data for mechanical formed fatigue 
specimen 
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Table 4.8: Actual fatigue data for mechanical formed fatigue specimen 
Stress amplitude 
(MPa) 
Number of cycles Standard deviation 
Average number of 
cycles 
258.65                
(73% of UTS)  
or  
(0.001293 ɛ) 
694954     
434800     
1060220     
1470318 332088 833603 
476625     
922160     
801497     
808248     
280.7                 
(79% of UTS)  
or  
(0.001404 ɛ) 
319753     
132704     
413406     
313701 108958 338583 
375221     
394778     
494197     
264907     
290.65               
(82% of UTS) 
 or  
(0.001453 ɛ) 
293726     
237357     
280107     
158387 65408 265059 
357908     
271910     
197119     
323960     
321.75               
(90% of UTS)  
or  
(0.001609 ɛ) 
120303     
116977     
160317     
124071 17681 134535 
137082     
162717     
128075     
126738     
 
Upon inspection of Table 4.8 a significant decrease in cycles to failure can 
be noted at the lowest stress amplitude, 73% of UTS, when compared to the 
parent material. It is assumed that the similar number of cycles to failure 
achieved at the highest stress amplitude, 90% of UTS, can be attributed to 
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the decrease in error due to the decrease in magnitude of the number of 
cycles to failure i.e. the greater the number of cycles to failure the greater the 
magnitude of the error. 
4.7.3 Combined actual fatigue data 
Comparing the parent to the mechanical formed material, the mechanical 
formed material showed a significant decrease in fatigue strength. Due to the 
magnitude of the forming process indicated in Figure 4.5 the decrease in 
fatigue strength cannot be attributed to microstructural changes such as 
micro voids, as none were detected during the microstructural analysis. Also 
no phase change in the material could take place as the forming process 
occurred at room temperature. It may be assumed that the decrease in 
fatigue life can be attributed to dislocations induced in the outer fibres of the 
material initiating strain hardening which further led to the formation and 
propagation of micro cracks during the fatiguing process [10, 2].  
Figure 4.17: Fatigue life behaviour data of AISI 1008 mechanical formed and parent 
material plate specimens 
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4.7.4 Fatigue life prediction under elastic plastic conditions 
As the test range of the parent material fell outside the limit of proportionality, 
the Juvinall and Marshek model could not be considered as it is only suited 
for elastic test conditions. It was motivated in section 4.7.1 that test 
conditions ranged between the limit of proportionality and the yield strength 
of the “as manufactured” material, due to this, other fatigue life 
characterisation relationships had to be investigated. Such a model is the 
mean stress Morrow relationship which considers elastic as well as plastic 
conditions.  
The mean stress Morrow relationship is derived from the Coffin-Manson 
equation relates the sum of the elastic and plastic components of a strain 
controlled amplitude, to fatigue life. Unlike other strain amplitude/fatigue life 
models, the Morrow relationship incorporates the effect of mean stress on 
fatigue life [31]. The mean stress Morrow relationship is given as follow [29]:  
                                                                                        (4.1) 
                                                                                                                   
Where: σ’f = Fatigue strength coefficient 
  E = Modulus of elasticity 
  b = Fatigue strength exponent 
  ɛ’f = Fatigue ductility coefficient 
  c = Fatigue ductility exponent  
The factors σ’f, b, ɛ’f and c are considered to be material properties
 [29]. First 
the factors pertaining to the elastic component of equation 4.1 will be 
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calculated. The fracture strength coefficient for AISI 1008 is calculated as 
follows [11]:  
        (4.2) 
         
Where: σ~f = True fracture strength 
   Pfracture = Fracture load (obtained from tensile testing data) 
  Afracture = Fracture area of tensile samples 
From tensile data the average fracture load was taken as 17 746 N with the 
average fracture area 13,64x10-6 m2.  From these values the fracture 
strength coefficient (σ’f) was calculated as 1301.026 MPa. 
As stated above σ’f, b, ɛ’f and c are material properties and as all the stress 
and strain values pertaining to the parent material fall outside the uniform 
elastic regime, it cannot be used to determine the factors related to the 
elastic component of equation 4.1.  As testing of the mechanical formed 
material occurred within the elastic limit of the corrected yield strength, all the 
values necessary to calculate the above mentioned factors required for the 
elastic component will be used from the mechanical formed data.  
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From the elastic component in equation 4.1, the fatigue strength exponent 
(b) is calculated as follows. The average stress amplitude at 90% of UTS of 
the mechanical formed material is 321.75 MPa. 
                                                                                                             
 
 
The average stress amplitude at 82% of UTS of the mechanical formed 
material is 290.65 MPa. 
. 
 
 
 
The average fatigue strength exponent (bave) was calculated as -0.113. 
With all the factors pertaining to the elastic component of equation 4.1 
calculated, those required for the plastic component will follow next. The 
fatigue ductility coefficient (ɛ’f) for AISI 1008 is calculated as follows
 [11]:  
                                                   (4.3) 
 
Where: ɛ~f = True fracture strain 
Aoriginal = Average original area of tensile samples 
From the tensile testing data the average original area measured was 
49.86x10-6 m2 with the average fracture area 13,64x10-6 m2.  From these 
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values the fatigue ductility coefficient (ɛ’f) was calculated as 1.296. Next the 
fatigue ductility exponent (c) will be calculated. As with the fatigue strength 
exponent two values will be used to calculate the average fatigue ductility 
exponent (c), this time data from the parent material is used for the 
calculations. The data from the parent material had to be used as it lies 
outside the uniform elastic regime thus meeting the requirement for the 
plastic portion of equation 4.1 [29]. From the Coffin-Manson equation the 
fatigue ductility exponent is calculated [11].  
The average strain amplitude and number of cycles to failure at the upper 
limit of the parent material is given as 1667 µɛ and 135759 (from table 4.7).   
 
The average strain amplitude and number of cycles to failure at the lower 
limit of the parent material is given as 1339 µɛ and 1495555 (from table 4.7).  
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The average fatigue ductility exponent (cave) was calculated as -0.693. 
Through interpolation the number of cycles to failure for the parent material is 
solved with equation 4.1.  Only the effective mean stresses (includes residual 
stresses), given in Table 4.9, were used to determine the number of cycles to 
failure for the parent material. This is due to the formulation of the Morrow 
equation where the greater mean stress will have the greatest influence on 
the calculated results. All the results calculated through equation 4.1 for the 
parent material is given in Table 4.9 below. 
Table 4.9: Estimated number of cycles to failure through the Morrow mean stress prediction 
relationship 
Strain amplitude, 
ɛa 
Effective mean 
stress, σm, eff 
Actual number of 
cycles to failure 
Estimated 
number of cycles 
to failure 
1667x10
-6
  
(94% of UTS) 
-29.20 MPa 135759 258602 
1493x10
-6
  
(84% of UTS) 
-29.60 MPa 423969 515568 
1428x10
-6
  
(80% of UTS) 
-29.65 MPa 559003 694386 
1339x10
-6
  
(75% of UTS) 
-29.65 MPa 1495555 1090284 
 
 
 
 
 
 
 
 
Chapter 4: Results  
 
102 
 
4.7.5 Fatigue life prediction according to Juvinall and Marshek  
As testing of the mechanical formed samples occurred within the uniform 
plastic regime of the corrected yield strength, the Juvinall and Marshek 
model was used to determine the fatigue strength of the formed samples. It 
must be stated that this method for determining the fatigue limit of a material 
is only an estimation as this model was developed to cover a broad spectrum 
of materials which may react differently under similar loading conditions.  
When inspecting the design factors given in Table 2.1, all were considered to 
be 1 except Cs which was approximated to 0.73. This value was taken from 
Figure 2.12 under “hot-rolled” conditions. Sf and Sn were calculated as 
follows: 
Calculating the fatigue strength at 103 cycles: 
 
 
Calculating the fatigue strength at 106 cycles: 
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From the equations above the following curves for AISI 1008 was plotted. 
 
Figure 4.18: Estimated S-N curve for AISI 1008 which have been mechanically formed. 
The following life prediction equations were derived from the curves above:
 
 
    (4.4)
 
                   (4.5)
  
4.7.6 Fatigue life prediction through equivalent stress method  
From the fatigue life prediction models given in section 2.7.5 an estimated 
fatigue life behaviour curve for AISI 1008 was plotted to determine behaviour 
of the material when exposed to alternating stresses. As stated previously 
this data will then be compared with the actual data obtained during fatigue 
testing from which the percentage error between the actual and calculated 
data will be determined. The fatigue life prediction is done through the 
relationship obtained in the previous section. The alternating stress value 
y = -35.22ln(x) + 652.49 
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(Sa) will be required to determine the number of cycles to failure (Nf) which 
will be calculated from the Gerber, Goodman and Soderberg relationships. 
Before the alternating stress value can be determined the stress amplitude 
(σa) and effective mean stress (σmean, eff) must be determined first. Hence the 
effective mean stress was calculated as follow [3]:  
    (4.6) 
Where: σresidual = Residual stress measured on plate sample 
Sample calculations will be done from stress values obtained from the outer 
surface of the mechanical formed fatigue specimen. These stress values 
were calculated from the strain induced during set-up at 90% of UTS (71% 
corrected UTS). The average relieved stress value for the outer surface,        
-154.33 MPa given in section 4.6.2.1, was used to calculate the effective 
mean stress. The following sample calculations were used to determine the 
stress amplitude and effective mean stress. 
Determining the stress amplitude:  
 
 
 
 
Determining the effective mean stress: 
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The maximum and minimum stress values used for the sample calculations 
and those used to calculate the maximum and minimum stress values for the 
other strain set-up values of the formed and parent fatigue specimens is 
given in Appendix D.  
With the stress amplitudes and effective mean stresses calculated the 
equivalent stress amplitudes were calculated according to the Gerber, 
Goodman and Soderberg relationships as follows: 
The equivalent stress amplitude according to the Gerber relationship: 
Sy = 311.01 MPa, Su = 454.70 MPa  
 
 
 
 
 
 
The equivalent stress amplitude according to the Goodman relationship: 
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The equivalent stress amplitude according to the Soderberg relationship: 
 
 
 
 
 
From the equations above the fully reversed equivalent stress amplitudes 
(Sn) were calculated by incorporating the effective mean stresses. This was 
done to take into consideration the influence of residual stress on the fatigue 
life of the material. All the calculated equivalent stress values are given in 
Table 4.10. 
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Position on 
plate 
surface
σa , MPa σm , MPa
σmean, eff , 
MPa 
Equivalent stress 
amplitude according to 
Gerber, MPa  (SN2)
Equivalent stress 
amplitude according to 
Goodman, MPa  (Sn2)
Equivalent stress 
amplitude according to 
Soderberg, MPa  (Sn2)
Inner (Bottom) 330.60 -1.00 118.40 354.65 446.99 533.82
Outer (Top) 312.90 2.30 -152.03 352.28 234.50 210.17
Inner (Bottom) 299.00 -0.80 118.60 320.83 404.51 483.30
Outer (Top) 282.30 1.50 -152.83 318.25 211.28 189.29
Inner (Bottom) 288.90 -2.50 116.69 309.27 388.64 462.39
Outer (Top) 272.50 3.30 -151.03 306.29 204.56 183.43
Inner (Bottom) 265.90 -1.00 119.30 285.56 360.48 431.37
Outer (Top) 251.40 0.00 -154.33 284.13 187.69 168.02
Mechanical formed
 Fatigue test load at 90% of UTS (71% of Corrected UTS) = 321.75 MPa
Fatigue test load at 82% of UTS (64% of Corrected UTS) = 290.65 MPa
Fatigue test load at 79% of UTS (62% of Corrected UTS) = 280.7 MPa
 Fatigue test load at 73% of UTS (57% of Corrected UTS) = 258.65 MPa
 
 
Table 4.10: Equivalent reversed stress amplitudes calculated for the mechanical formed material using the Gerber, Goodman and Soderberg 
relationships. 
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When inspecting Table 4.10 a difference in the equivalent stress amplitudes, 
which includes the effect of residual stress, can be noted. However if these 
differences will influence the estimated fatigue life of the material, it must still 
be determined. 
Now with all the fully reversed equivalent stresses calculated by means of 
the Gerber, Goodman and Soderberg relationships, the estimated fatigue 
life, Nf was determined by substituting the above, Sn, values in the Juvinall 
and Marshek life prediction equation. Below is a sample calculation of the 
Juvinall and Marshek life prediction equation where the number of fatigue 
cycles to failure, Nf was calculated with the equivalent stress value, Sn taken 
from the Goodman relationship of the mechanical formed plate outer surface 
considering the stress amplitude at 90% of UTS. 
Calculating the number of cycles to failure: 
Sn = 234.50 MPa 
cycles142642N
652.49N35.22lnS
f
fn


 
When comparing the calculated value above with the average fatigue life of 
134535 cycles obtained at 90% of UTS (as seen in Table 4.8), an error of 
5.7% is recorded. Three of the mechanical formed mathematical modelling 
cycles to failure, produced near results. All cycles to failure calculated 
through mathematical modelling of the mechanical formed material is given 
in Table 4.11. 
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Estimated cycles to failure 
with Gerbers equivalent 
stress, Nf1 (Excludes residual 
stress)
Estimate cycles to failure with 
Goodman's equivalent stress, 
Nf2 (Includes residual stress)
Estimated cycles to failure 
with Soderberg's equivalent 
stress, Nf1 (Excludes residual 
stress)
4706 342 29
5033 142642 284617
12294 1142 122
13226 275715 514911
17070 1793 221
18575 333757 608109
33467 3988 533
34849 538703 941704
Mechanical formed
Sn = -35.22 lnNf + 652.49
 Fatigue test load at 90% of UTS (71% of Corrected UTS) = 321.75 MPa, N f actual = 134535
Fatigue test load at 82% of UTS (64% of Corrected UTS) = 290.65 MPa, N f actual = 265059
Fatigue test load at 79% of UTS (62% of Corrected UTS) = 280.7 MPa, N f actual = 338583
 Fatigue test load at 73% of UTS (57% of Corrected UTS) = 258.65 MPa, N f actual = 833603
 
 
4.7.7 Actual fatigue results vs. calculated cycles to failure 
As stated previously, is the Mean stress Morrow relationship divided into an 
elastic and plastic component. Data from the mechanical formed material 
was used to calculate the elastic component of the relationship as this data 
fell within the limit of proportionality of the material, which is required for the 
relationship [29]. Data from the parent material was used to calculate the 
plastic portion of the relationship, as this data fell outside the limit of 
proportionality of the material. Upon inspection of Figure 4.19 it becomes 
apparent that only the number of cycles to failure at a lower limit of 0.001339 
strain, calculated through the mean stress Morrow relationship, fell below the 
lower limit of the actual cycles to failure, it is assumed that a combination of 
the larger Mean stress at this point and lower strain amplitude which is closer 
to the limit of proportionality, being the contributing factors.  
Table 4.11: Estimated number of cycles to failure through mathematical modelling of the 
mechanical formed material. 
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Table 4.12: Actual fatigue results compared with calculated number of cycles to failure of 
the parent material. 
Strain amplitude Cycles to failure
0.001667 135759
0.001493 423969
0.001428 559003
0.001339 1495555
Strain amplitude Cycles to failure
0.001667 258602
0.001493 515568
0.001428 694386
0.001339 1090284
Actual cycles to failure
Mean stress Morrow approach
Parent material
Actual results vs. Calculated fatigue life 
 
Greater number of cycles to failure was calculated for 0.001667, 0.001493 
and 0.001428 strain amplitudes. These cycles to failure calculated an error of 
48% at 0.001667 strain, 18% at 0.001493 strain and 20% 0.001428 strain. 
As mentioned above the number of cycles to failure calculated at the lower 
limit of 0.001339 strain, was less than that achieved through actual fatigue 
testing. The error at the lower limit calculated to be 27%. 
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Figure 4.19: Comparing the actual number of cycles to failure to that calculated through the 
Mean stress Morrow approach. 
From all the equivalent stress relationships used in the mechanical formed 
life prediction models, the Goodman formula yielded the most accurate 
results. The number of cycles to failure calculated at the upper limit of 321.8 
MPa and 290.6 MPa were greater than that reached through actual fatigue 
testing. The error at these two test points calculated to be 6% at the upper 
limit of 321.8 MPa and 4% at a stress amplitude of 290.6 MPa. At the 
following test point of 280.8 MPa and lower limit of 258.6 MPa the number of 
cycles to failure calculated were smaller than that reached through actual 
fatigue testing. The error at the last two test points calculated to be 1% at a 
stress amplitude of 280.8 MPa and 35% at the lower limit of 258.6 MPa. The 
smaller stress amplitude and larger effective mean stress at the lower limit is 
believed to be the cause of the bigger error percentage of 35%. 
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Table 4.13: Actual fatigue results compared with calculated number of cycles to failure of 
the mechanical formed material. 
Stress amplitude, MPa Cycles to failure
321.8 134535
290.6 265059
280.8 338583
258.6 833603
Stress amplitude, MPa Cycles to failure
234.5 142642
211.3 275715
204.6 333757
187.7 538703
Mechanical formed
Goodman
Actual cycles to failure
Actual results vs. Calculated fatigue life 
 
The difference in stress amplitude between the actual cycles to failure and 
those calculated through the Goodman relationship is as a result of the 
compressive residual stresses incorporated in the effective mean stress. 
Only the number of cycles to failure calculated from data obtained from the 
outer surface of the formed samples is given in Table 4.13. This is as a result 
of the compressive residual stresses yielding the more accurate life 
prediction results. 
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Figure 4.20: Comparing the actual number of cycles to failure to that calculated through the 
Goodman equivalent stress relationship. 
 
4.8. Summary 
In this chapter it was proven that the ultimate tensile strength was not 
exceeded during the mechanical forming process of the material. Due to the 
forming process there was a slight increase in hardness of the material which 
required the yield and ultimate tensile strength of the mechanical formed 
material to be adjusted. No significant change in toughness was noted due to 
the forming process. Compressive residual stresses were measured in the 
parent material as well as in the outer surface of the mechanical formed 
specimen with compressive and tensile residual stresses measured in the 
inner surface of the mechanical formed specimen. 
Stress amplitudes at which the parent material was fatigue tested exceeded 
the limit of proportionality of the material thus prohibiting the use of Hooke’s 
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law to calculate any stress amplitudes. The Holloman’s equation to 
determine stresses ranging in the uniform plastic regime also proved to be 
inaccurate as these stresses calculated ranged between 50% and 60% of 
yield strength. For this reason the number of cycles to failure achieved 
through actual testing was recorded in terms of strain amplitude and not 
stress amplitude. Because the stress amplitude at which the parent fatigue 
specimen were tested fell outside the limit of proportionality, the Morrow 
relationship was adopted to calculate the number of cycles to failure through 
mathematical modelling. Due to the adjusted yield and tensile strengths, 
Hooke’s law could be applied to calculate stress amplitudes for the 
mechanical formed material. Also the Gerber, Goodman and Soderberg 
relationships were valid to calculate mechanical formed equivalent stress 
amplitudes. The Juvinall and Marshek life prediction model was used to 
calculate the number of cycles to failure for the mechanical formed material. 
Through fully reversed bending fatigue tests it was proven that there was a 
decrease in the number of cycles to failure for the mechanical formed 
material when compared to the parent material and not an increase which 
was expected. In the following chapter all the results achieved during this 
study will be discussed.  
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Chapter 5 
Conclusions 
5.1. Introduction 
The main objective of this study was to determine the influence mechanical 
forming had on the fatigue-life behaviour of AISI 1008 which had been 
stretch bent to a radius of curvature of 120mm and to characterize this 
behaviour through life prediction modelling. All the conclusions made during 
this study will be discussed next 
5.2. Final conclusions 
In this research study it was shown that there was no significant change in 
grain size due to the mechanical forming process and that stretch bending 
(plastic strain) was induced in the material during the forming process. An 
increase in hardness was measured in the inner and outer surfaces of the 
mechanical formed material due to dislocation pile-up which created strain 
hardening. During initial fatigue testing of the formed samples at 90% of the 
“as manufactured” yield strength run-out was observed, but in order to 
prevent this, the effects of strain hardening had to be incorporated. This was 
done by adjusting the yield and tensile strengths as was indicated by 
literature. Compressive residual stresses (attributed to the manufacturing 
process of the sheet material) measuring 11% of the “as manufactured” yield 
strength (265 MPa), were recorded in the parent material. Compressive 
residual stresses with a magnitude of 58% of the “as manufactured” yield 
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strength was measured in the outer surface of the mechanical formed 
material with tensile residual stresses measuring 45% of the “as 
manufactured” yield strength on the inner surface. Because of the high strain 
amplitudes applied during fatigue testing i.e. ranging between the limit of 
proportionality and yield point, neither Hooke’s law nor the Holloman’s 
equation could be applied to calculate stress amplitudes relating to the 
parent material.  For this reason fatigue data was plotted not in terms of 
stress but strain amplitude. The mean stress Morrow relationship which is 
ideally suited for materials exposed to elastic/plastic conditions was adopted 
to predict the number of cycles to failure for the parent material. The 
conventional method i.e. Juvinall and Marshek life prediction model could not 
be used as testing occurred outside the elastic limit of the parent material i.e. 
between the limit of proportionality and the “as manufactured” yield point. 
The Morrow relationship is divided into an elastic and a plastic component 
with each component containing exponents and coefficients which are 
related to material properties. This enabled data from the mechanical formed 
material to be used to calculate the elastic component of the relationship. As 
fatigue data from the parent material, falling outside the limit of 
proportionality was used to calculate the plastic component of the Morrow 
relationship. Number of cycles to failure calculated through this relationship 
yielded acceptable results; except for those calculated for the upper limit of 
the parent material. Percentages errors between the actual cycles to failure 
and that calculated through mathematical modelling were found to be 
between 48% and 18% of the parent material. It is believed that the 
magnitude of the mean stress and larger strain amplitude (0.001667 ɛ) were 
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the contributing factors of the larger percentage error (48%). As the change 
in hardness altered the yield and tensile strength properties of the material 
and because this was not taken into account during preliminary testing, run-
out was achieved while testing at a stress amplitude of 90% of the “as 
manufactured” yield strength. The yield strength was adjusted enabling the 
mechanical formed specimen to be tested at 105%, 95%, 90% and 85% of 
the adjusted value. Unlike the parent material the mechanical formed data 
was plotted in terms of stress amplitude vs. number of cycles to failure. 
When comparing the mechanical formed fatigue data to that of the parent 
material, a decrease in number of cycles to failure for the mechanical formed 
material was observed. Equivalent stress amplitudes calculated from the 
effective mean stresses, which included the residual stress measured in the 
outer surface of the mechanical formed material, yielded the more 
acceptable life prediction results. The Goodman relationship was found to be 
better suited for the mechanical formed samples. Hence the number of 
cycles to failure predicted from the Juvinall and Marshek life prediction model 
yielding acceptable results. Percentage errors calculated for the mechanical 
formed samples ranged between 35% and 1%. Unlike the parent material it 
is believed that the difference between the actual stress amplitude used 
during testing at the lower limit (258.6 MPa) and that used during the life 
prediction calculation for the lower limit (187.7 MPa), was the main 
contributing factor for the larger percentage error (35%). It is the opinion of 
the author that the fatigue modelling results obtained during this study would 
be considered acceptable, but the matter of the fatigue testing strain 
amplitudes ranging between the limit of proportionality and the yield point for 
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the parent material need to be further investigated. Also the ductile to brittle 
transition temperature is another matter which can be investigated.  
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Appendix A – Plate sample calibration data 
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Load, kg 
Stress vs Loading graph for the calibration of plate sample 1  
Gauge 1 Gauge 2
Loading Unloading Loading Unloading Loading Unloading
1 0 0 3 0 0 0 2
2 0 0 8 0 0 0 4
1 5.32 182 188 184 185 183 187
2 5.32 253 265 255 258 254 262
1 10.54 361 368 366 368 364 368
2 10.54 503 516 506 511 505 514
1 15.75 540 547 545 547 543 547
2 15.75 753 764 755 760 754 762
1 20.32 702 702 703 703 703 703
2 20.32 979 979 976 976 978 978
Calibration of plate sample 1
Gauge
Mass 
(kg)
Micro strain (μm/m)
Test 1 Test 2 Average (strain)
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Load, kg 
Stress vs Loading graph for the calibration of plate sample 2 
Gauge 1 Gauge 2
Loading Unloading Loading Unloading Loading Unloading
1 0 0 -4 0 -4 0 -4
2 0 0 -4 0 -4 0 -4
1 5.32 181 177 182 178 182 178
2 5.32 238 235 239 235 239 235
1 10.54 358 356 360 356 359 356
2 10.54 472 471 474 471 473 471
1 15.75 534 533 536 534 535 534
2 15.75 705 704 706 704 706 704
1 20.32 688 688 689 689 689 689
2 20.32 908 908 907 907 908 908
Calibration of plate sample 2
Gauge
Mass 
(kg)
Micro strain (μm/m)
Test 1 Test 2 Average (strain)
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Appendix B – Fatigue specimen spacer drawings 
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Appendix C – Master fatigue specimen calibration data 
 
 
 
 
Loading Unloading Loading Unloading Loading Unloading Loading Unloading
Top 0 0 0 0 0 0 -7 0 -2
Bottom 0 0 0 0 0 0 8 0 3
Top 1 342 352 324 329 327 331 331 337
Bottom 1 -348 -358 -328 -335 -332 -336 -336 -343
Top 2 677 678 656 651 663 669 665 666
Bottom 2 -688 -694 -668 -663 -675 -682 -677 -680
Top 3 1001 1001 986 986 997 997 995 995
Bottom 3 -1019 -1019 -1004 -1004 -1015 -1015 -1013 -1013
Gauge
Calibration of parent master fatigue specimen
Test 3
Mass 
(kg)
Test 1
Micro strain (μm/m)
Average (strain)Test 2
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Loading Unloading Loading Unloading Loading Unloading Loading Unloading
Top 0 0 95 0 71 0 71 0 79
Bottom 0 0 -88 0 -66 0 -64 0 -73
Top 1 368 433 356 323 337 333 354 363
Bottom 1 -345 -406 -335 -302 -316 -311 -332 -340
Top 2 719 816 676 784 702 772 699 791
Bottom 2 -675 -767 -635 -737 -659 -725 -656 -743
Top 3 1085 1084 1053 1053 1057 1057 1065 1065
Bottom 3 -1020 -1019 -990 -990 -993 -993 -1001 -1001
Calibration of formed master fatigue specimen
Gauge
Mass 
(kg)
Micro strain (μm/m)
Test 1 Test 2 Test 3 Average (strain)
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Appendix D – Maximum and Minimum stresses 
 
 
Top 1.650E-03 1.654E-03 0.227 647.14E+06 -151.14E+06 151.22E+06 -151.2E+06 041.5E+03 Inner 308.3E+03 -29.7E+06 P1 -29.6E+06
Bottom 1.723E-03 1.637E-03 0.227 647.14E+06 152.63E+06 -150.87E+06 151.7E+06 881.9E+03 Inner 308.3E+03 -29.7E+06 P1 -28.8E+06
Top 1.483E-03 1.477E-03 0.227 647.14E+06 -147.52E+06 147.38E+06 -147.5E+06 -067.8E+03 Inner 308.3E+03 -29.7E+06 P1 -29.7E+06
Bottom 1.512E-03 1.499E-03 0.227 647.14E+06 148.17E+06 -147.88E+06 148.0E+06 145.1E+03 Inner 308.3E+03 -29.7E+06 P1 -29.5E+06
Top 1.418E-03 1.414E-03 0.227 647.14E+06 -146.03E+06 145.93E+06 -146.0E+06 -046.8E+03 Inner 308.3E+03 -29.7E+06 P1 -29.7E+06
Bottom 1.443E-03 1.435E-03 0.227 647.14E+06 146.61E+06 -146.42E+06 146.5E+06 092.4E+03 Inner 308.3E+03 -29.7E+06 P1 -29.6E+06
Top 1.327E-03 1.326E-03 0.227 647.14E+06 -143.84E+06 143.82E+06 -143.8E+06 -012.3E+03 Inner 308.3E+03 -29.7E+06 P1 -29.7E+06
Bottom 1.352E-03 1.349E-03 0.227 647.14E+06 144.45E+06 -144.38E+06 144.4E+06 036.4E+03 Inner 308.3E+03 -29.7E+06 P1 -29.6E+06
Parent material
 Fatigue test load at 94% of UTS = 333.2 MPa
σa σmɛminɛmax
Maximum 
Principal 
stress 
σm, eff = σm + 
σRes
Position of 
residual 
strain rosette
Minimum 
Principal 
stress 
Residual 
stress plate 
sample
Fatigue test load at 84% of UTS = 298.6 MPa
 Fatigue test load at 80% of UTS = 285.5 MPa
 Fatigue test load at 75% of UTS = 267.7 MPa
Strength 
coefficient, 
K
σmax σmin
Position of 
strain gauge
Strain 
hardening 
exponent, n
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Position 
strain was 
measured
ɛmax ɛmin
Young's 
Modulus
σmax σmin σa σm
Position of 
residual 
strain rosette
Ave maximum 
Principal 
stress 
Residual 
stress plate 
sample
σm, eff =  σm + 
σRes
Top -1.658E-03 1.648E-03 200E+09 -331.6E+06 329.6E+06 -330.6E+06 -1.0E+06 Inner (Bottom) 119.40E+06 P4 & P3 118.40E+06
Bottom 1.576E-03 -1.553E-03 200E+09 315.2E+06 -310.6E+06 312.9E+06 2.3E+06 Outer (Top) -154.33E+06 P5 & P2 -152.03E+06
Top -1.499E-03 1.491E-03 200E+09 -299.8E+06 298.2E+06 -299.0E+06 -8.0E+05 Inner (Bottom) 119.4E+06 P4 & P3 118.60E+06
Bottom 1.419E-03 -1.404E-03 200E+09 283.8E+06 -280.8E+06 282.3E+06 1.5E+06 Outer (Top) -154.33E+06 P5 & P2 -152.83E+06
Top -1.457E-03 1.432E-03 200E+09 -291.4E+06 286.4E+06 -288.9E+06 -2.5E+06 Inner (Bottom) 119.4E+06 P4 & P3 116.90E+06
Bottom 1.379E-03 -1.346E-03 200E+09 275.8E+06 -269.2E+06 272.5E+06 3.3E+06 Outer (Top) -154.33E+06 P5 & P2 -151.03E+06
Top -1.330E-03 1.329E-03 200E+09 -266.0E+06 265.8E+06 -265.9E+06 -1.0E+05 Inner (Bottom) 119.4E+06 P4 & P3 119.30E+06
Bottom 1.257E-03 -1.257E-03 200E+09 251.4E+06 -251.4E+06 251.4E+06 0.0E+00 Outer (Top) -154.33E+06 P5 & P2 -154.33E+06
Fatigue test load at 79% of UTS (62% of Corrected UTS) = 280.7 MPa
 Fatigue test load at 73% of UTS (57% of Corrected UTS) = 258.65 MPa
Mechanical formed material
 Fatigue test load at 90% of UTS (71% of Corrected UTS) = 321.75 MPa
Fatigue test load at 82% of UTS (64% of Corrected UTS) = 290.65 MPa
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Appendix E – Determining the center distance for the 
calibration of the master fatigue specimen   
The following calculations were used for the calibration of the formed master 
fatigue specimens. 
Calculated corrected yield strength and ultimate tensile strength from the 
new hardness value due to the forming process 
𝜎y, corrected = 311.01 MPa, 𝜎u, corrected = 454.70 MPa, 
Hardness value of parent material = 110.34HV, Hardness value of 
mechanical formed material = 129.41HV (These values were taken from 
those given in Chapter 4: Results) 
Determining the stress magnitude at 70% of the corrected yield strength: 
MPa217.706σ
311.0090.7
0.7σσ
70%
newy,70%



 
Determining the distance x between the bending axis and the applied load: 
Applied mass = 3 kg, Distance from neutral axis to outer fibre (y) = 
0.00195mm, Width of hourglass shape at thinest section (b) = 0.0188mm, 
Thickness of specimen (d) = 0.0039mm 
352.5mmx
0.00390.0188
120.00195x9.813
10217.706
I
My
σ
3
6
y





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Calculating the strain induced through the given mass of 3kg: 
For AISI 1008 Young’s Modulus was taken as 200GPa  
0.001089ε
10200
10217.706
ε
ε
σ
E
9
6





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Appendix F – Tabulated relieved strain and calculated 
stresses 
Depth [mm] Strain (e1)  [1E10-6] Strain (e2)  [1E10-6] Strain (e3)  [1E10-6] 
0.05 4.326 4.264 2.73 
0.1 11.173 10.928 9.091 
0.15 14.227 12.373 10.757 
0.2 15.522 13.258 10.016 
0.25 19.987 15.146 11.774 
0.3 22.439 14.866 11.196 
0.35 26.487 17.499 13.186 
0.4 26.464 15.402 11.173 
0.45 29.309 15.216 11.913 
0.5 30.882 15.472 10.063 
0.55 32.802 14.586 8.281 
0.6 34.907 14.214 9.924 
0.65 35.185 11.837 6.57 
0.7 32.432 9.25 3.424 
0.75 36.341 10.369 5.32 
0.8 37.752 8.388 4.488 
0.85 38.585 8.016 3.956 
0.9 36.827 5.616 2.059 
0.95 37.428 4.8 1.226 
1 37.29 2.889 -0.162 
1.05 39.765 3.984 2.73 
1.1 38.701 2.656 1.295 
1.15 39.279 1.701 1.596 
1.2 39.557 1.002 1.573 
1.25 37.128 -1.515 -0.763 
1.3 39.279 -0.443 1.457 
1.35 38.84 -1.142 0.625 
1.4 38.007 -2.144 -0.116 
1.45 36.688 -3.472 -0.37 
1.5 36.573 -3.309 -0.648 
1.55 36.341 -4.148 -0.948 
1.6 34.953 -5.336 -2.73 
1.65 34.93 -6.361 -3.724 
1.7 37.775 -4.148 -1.064 
1.75 36.526 -5.569 -2.915 
1.8 36.064 -6.221 -3.701 
1.85 38.284 -5.173 -3.539 
1.9 37.035 -6.105 -4.765 
1.95 36.619 -6.478 -5.135 
2 35.532 -7.014 -5.32 
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Parent
 
material 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Minimum Principal  
Stress 
Maximum Principal 
Stress 
-2.530E+06 -3.480E+06 
-8.058E+06 -9.205E+06 
-9.880E+06 -1.140E+07 
-9.654E+06 -1.210E+07 
-1.170E+07 -1.535E+07 
-1.172E+07 -1.693E+07 
-1.381E+07 -1.998E+07 
-1.237E+07 -1.970E+07 
-1.308E+07 -2.204E+07 
-1.239E+07 -2.249E+07 
-1.153E+07 -2.346E+07 
-1.256E+07 -2.563E+07 
-1.038E+07 -2.519E+07 
-7.875E+06 -2.267E+07 
-9.557E+06 -2.593E+07 
-8.825E+06 -2.716E+07 
-8.577E+06 -2.766E+07 
-6.842E+06 -2.628E+07 
-6.307E+06 -2.662E+07 
-5.127E+06 -2.650E+07 
-7.020E+06 -2.918E+07 
-5.873E+06 -2.820E+07 
-5.781E+06 -2.904E+07 
-5.586E+06 -2.945E+07 
-3.528E+06 -2.745E+07 
-5.044E+06 -2.966E+07 
-4.425E+06 -2.919E+07 
-3.698E+06 -2.858E+07 
-3.004E+06 -2.793E+07 
-2.932E+06 -2.767E+07 
-2.506E+06 -2.764E+07 
-1.231E+06 -2.622E+07 
-4.878E+05 -2.610E+07 
-2.628E+06 -2.864E+07 
-1.264E+06 -2.737E+07 
-6.758E+05 -2.689E+07 
-1.341E+06 -2.826E+07 
-3.884E+05 -2.710E+07 
-6.691E+04 -2.675E+07 
3.083E+05 -2.604E+07 
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Mechanical formed material 
Relieved strain measured on the outer surface of plate sample 5 
Depth [mm] Strain (e1)  [1E10-6] Strain (e2)  [1E10-6] Strain (e3)  [1E10-6] 
0.05 0.509 3.845 7.934 
0.1 -0.139 9.157 18.622 
0.15 -2.151 13.887 29.98 
0.2 -2.521 21.017 44.229 
0.25 -4.233 26.819 58.086 
0.3 -5.691 31.829 70.253 
0.35 -6.153 39.635 86.516 
0.4 -6.13 47.814 102.153 
0.45 -8.166 53.243 114.344 
0.5 -8.305 61.072 128.27 
0.55 -10.387 65.243 137.986 
0.6 -9.346 72.28 149.806 
0.65 -10.664 76.078 157.856 
0.7 -11.821 78.967 165.49 
0.75 -11.543 83.93 173.286 
0.8 -11.705 87.146 178.953 
0.85 -12.145 90.268 183.256 
0.9 -13.602 91.713 187.443 
0.95 -14.504 94.136 190.52 
1 -14.874 95.487 193.249 
1.05 -16.147 96.396 194.568 
1.1 -15.8 98.19 196.511 
1.15 -15.453 99.449 197.691 
1.2 -14.735 100.52 199.125 
1.25 -14.481 101.522 199.587 
1.3 -14.065 101.825 199.634 
1.35 -13.833 102.268 199.749 
1.4 -14.018 102.198 199.148 
1.45 -14.944 101.266 198.269 
1.5 -14.319 102.338 198.732 
1.55 -14.573 102.711 198.593 
1.6 -14.897 102.827 199.379 
1.65 -14.319 104.225 200.883 
1.7 -14.041 105.274 201.878 
1.75 -14.296 105.973 203.057 
1.8 -13.625 107.65 205.232 
1.85 -13.556 108.21 206.18 
1.9 -13.209 109.515 208.262 
1.95 -12.954 110.33 208.655 
2 -12.977 110.54 209.419 
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Minimum Principal  
Stress 
Maximum Principal 
Stress 
-2.159E+06 -5.679E+06 
-4.155E+06 -1.300E+07 
-5.340E+06 -2.050E+07 
-8.334E+06 -3.039E+07 
-1.030E+07 -3.970E+07 
-1.206E+07 -4.788E+07 
-1.545E+07 -5.916E+07 
-1.903E+07 -7.011E+07 
-2.039E+07 -7.818E+07 
-2.347E+07 -8.790E+07 
-2.423E+07 -9.423E+07 
-2.765E+07 -1.027E+08 
-2.856E+07 -1.081E+08 
-2.950E+07 -1.132E+08 
-3.146E+07 -1.187E+08 
-3.264E+07 -1.226E+08 
-3.329E+07 -1.256E+08 
-3.322E+07 -1.282E+08 
-3.326E+07 -1.301E+08 
-3.362E+07 -1.320E+08 
-3.301E+07 -1.326E+08 
-3.367E+07 -1.341E+08 
-3.417E+07 -1.350E+08 
-3.500E+07 -1.362E+08 
-3.526E+07 -1.366E+08 
-3.556E+07 -1.367E+08 
-3.574E+07 -1.369E+08 
-3.546E+07 -1.364E+08 
-3.461E+07 -1.356E+08 
-3.513E+07 -1.361E+08 
-3.489E+07 -1.359E+08 
-3.485E+07 -1.364E+08 
-3.558E+07 -1.376E+08 
-3.599E+07 -1.384E+08 
-3.607E+07 -1.392E+08 
-3.702E+07 -1.409E+08 
-3.729E+07 -1.415E+08 
-3.800E+07 -1.431E+08 
-3.825E+07 -1.434E+08 
-3.841E+07 -1.440E+08 
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Relieved strain measured on the inner surface of plate sample 4 
Depth [mm] Strain (e1)  [1E10-6] Strain (e2)  [1E10-6] Strain (e3)  [1E10-6] 
0.05 0.116 -1.421 -0.925 
0.1 4.28 1.118 -1.943 
0.15 8.096 2.33 -4.65 
0.2 12.792 0.652 -16.401 
0.25 16.54 -2.563 -29.263 
0.3 21.814 -2.47 -35.277 
0.35 25.585 -4.567 -45.224 
0.4 29.263 -6.99 -55.703 
0.45 33.241 -9.111 -66.39 
0.5 37.822 -11.301 -78.049 
0.55 40.783 -14.167 -87.719 
0.6 44.206 -16.357 -98.198 
0.65 46.404 -19.317 -108.63 
0.7 48.162 -21.88 -117.051 
0.75 49.966 -23.953 -125.378 
0.8 52.441 -25.608 -133.313 
0.85 54.477 -26.983 -138.379 
0.9 55.009 -29.639 -145.689 
0.95 57.022 -30.874 -150.616 
1 57.947 -32.062 -155.52 
1.05 59.15 -32.808 -158.689 
1.1 59.497 -34.392 -163.917 
1.15 59.173 -36.256 -167.364 
1.2 61.856 -35.394 -168.59 
1.25 62.018 -36.07 -170.857 
1.3 62.388 -36.862 -172.8 
1.35 63.429 -36.699 -174.651 
1.4 61.856 -38.237 -176.501 
1.45 62.967 -37.701 -177.265 
1.5 63.938 -37.025 -177.149 
1.55 62.735 -38.097 -178.537 
1.6 62.874 -37.887 -178.352 
1.65 63.892 -36.746 -177.912 
1.7 63.36 -37.072 -178.259 
1.75 62.874 -37.072 -178.491 
1.8 62.134 -37.282 -178.444 
1.85 62.55 -36.489 -177.496 
1.9 59.381 -38.75 -178.722 
1.95 58.872 -38.633 -178.514 
2 59.219 -37.701 -177.311 
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Maximum Principal  
Stress 
Minimum Principal 
Stress 
8.988E+05 -1.610E+05 
3.784E+05 -2.510E+06 
1.399E+06 -4.542E+06 
8.514E+06 -5.223E+06 
1.657E+07 -4.971E+06 
1.953E+07 -7.254E+06 
2.556E+07 -7.654E+06 
3.198E+07 -7.868E+06 
3.849E+07 -8.258E+06 
4.554E+07 -8.850E+06 
5.153E+07 -8.723E+06 
5.803E+07 -8.787E+06 
6.476E+07 -8.010E+06 
7.019E+07 -7.360E+06 
7.557E+07 -6.793E+06 
8.052E+07 -6.767E+06 
8.354E+07 -7.023E+06 
8.848E+07 -5.782E+06 
9.142E+07 -6.061E+06 
9.463E+07 -5.640E+06 
9.654E+07 -5.762E+06 
1.001E+08 -4.876E+06 
1.025E+08 -3.874E+06 
1.028E+08 -5.444E+06 
1.043E+08 -5.068E+06 
1.056E+08 -4.880E+06 
1.066E+08 -5.215E+06 
1.083E+08 -3.730E+06 
1.086E+08 -4.345E+06 
1.083E+08 -5.046E+06 
1.095E+08 -3.924E+06 
1.094E+08 -4.064E+06 
1.089E+08 -4.893E+06 
1.092E+08 -4.458E+06 
1.095E+08 -4.101E+06 
1.097E+08 -3.616E+06 
1.090E+08 -4.125E+06 
1.105E+08 -1.672E+06 
1.105E+08 -1.392E+06 
1.096E+08 -1.917E+06 
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Relieved strain measured on the inner surface of plate sample 3 
Depth [mm] Strain (e1)  [1E10-6] Strain (e2)  [1E10-6] Strain (e3)  [1E10-6] 
0.05 5.506 2.144 0.416 
0.1 11.335 4.474 -0.578 
0.15 15.337 1.282 -9.669 
0.2 21.675 0.676 -17.974 
0.25 25.423 -4.078 -31.16 
0.3 31.206 -6.967 -43.767 
0.35 36.827 -11.254 -58.525 
0.4 41.453 -15.658 -72.497 
0.45 46.936 -20.505 -85.937 
0.5 49.943 -25.328 -100.418 
0.55 55.055 -28.707 -112.979 
0.6 58.271 -32.808 -124.592 
0.65 60.121 -37.375 -134.932 
0.7 65.187 -38.4 -144.185 
0.75 67.084 -42.827 -154.016 
0.8 70.115 -45.39 -162.275 
0.85 72.937 -47.231 -169.376 
0.9 74.394 -50.47 -176.617 
0.95 76.846 -51.961 -182.053 
1 77.656 -54.431 -186.61 
1.05 79.576 -55.666 -190.982 
1.1 80.27 -58.019 -195.123 
1.15 81.08 -59.138 -198.246 
1.2 82.467 -59.534 -200.443 
1.25 82.884 -61.025 -202.803 
1.3 84.989 -60.746 -204.098 
1.35 85.29 -61.981 -206.25 
1.4 85.452 -62.586 -207.406 
1.45 86.238 -62.796 -208.008 
1.5 86.169 -63.635 -209.141 
1.55 87.163 -62.796 -209.072 
1.6 87.14 -63.076 -209.581 
1.65 87.788 -62.843 -209.349 
1.7 87.302 -63.285 -209.766 
1.75 87.788 -63.099 -209.951 
1.8 88.158 -62.33 -208.355 
1.85 88.135 -62.12 -208.216 
1.9 88.343 -61.701 -207.591 
1.95 87.14 -62.773 -207.846 
2 87.695 -61.887 -206.643 
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Maximum Principal  
Stress 
Minimum Principal 
Stress 
-1.509E+06 -4.055E+06 
-2.185E+06 -7.923E+06 
3.337E+06 -8.662E+06 
7.718E+06 -1.120E+07 
1.618E+07 -1.079E+07 
2.376E+07 -1.195E+07 
3.290E+07 -1.251E+07 
4.172E+07 -1.255E+07 
4.996E+07 -1.332E+07 
5.951E+07 -1.209E+07 
6.722E+07 -1.279E+07 
7.470E+07 -1.238E+07 
8.159E+07 -1.129E+07 
8.697E+07 -1.274E+07 
9.349E+07 -1.180E+07 
9.863E+07 -1.203E+07 
1.030E+08 -1.239E+07 
1.078E+08 -1.174E+07 
1.111E+08 -1.222E+07 
1.141E+08 -1.173E+07 
1.168E+08 -1.208E+07 
1.195E+08 -1.161E+07 
1.216E+08 -1.146E+07 
1.228E+08 -1.193E+07 
1.244E+08 -1.168E+07 
1.248E+08 -1.287E+07 
1.262E+08 -1.259E+07 
1.270E+08 -1.244E+07 
1.273E+08 -1.286E+07 
1.281E+08 -1.255E+07 
1.278E+08 -1.326E+07 
1.282E+08 -1.313E+07 
1.279E+08 -1.364E+07 
1.283E+08 -1.320E+07 
1.283E+08 -1.350E+07 
1.271E+08 -1.414E+07 
1.270E+08 -1.415E+07 
1.265E+08 -1.444E+07 
1.270E+08 -1.353E+07 
1.260E+08 -1.421E+07 
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Relieved strain measured on the outer surface of plate sample 2 
Depth [mm] Strain (e1)  [1E10-6] Strain (e2)  [1E10-6] Strain (e3)  [1E10-6] 
0.05 2.892 6.687 9.346 
0.1 2.683 10.369 17.141 
0.15 1.827 14.447 28.268 
0.2 1.897 20.318 40.968 
0.25 1.874 26.540 55.680 
0.3 1.596 33.414 71.480 
0.35 1.018 38.889 86.146 
0.4 1.504 45.320 101.089 
0.45 1.874 51.821 116.426 
0.5 4.071 60.583 132.850 
0.55 3.030 63.891 141.594 
0.6 2.498 69.111 153.045 
0.65 3.030 74.144 163.293 
0.7 2.105 76.217 170.973 
0.75 3.030 80.016 178.953 
0.8 4.765 84.256 187.165 
0.85 4.349 86.237 192.486 
0.9 4.719 88.101 196.997 
0.95 6.547 91.759 202.040 
1 6.917 93.670 205.209 
1.05 6.824 94.718 207.291 
1.1 7.472 95.697 209.303 
1.15 7.842 96.396 210.922 
1.2 8.582 97.864 211.871 
1.25 9.322 98.750 213.189 
1.3 9.531 98.586 212.796 
1.35 10.363 99.099 213.999 
1.4 11.474 100.078 215.017 
1.45 11.289 99.216 215.017 
1.5 11.196 98.680 215.225 
1.55 10.988 98.750 216.335 
1.6 10.803 98.773 217.330 
1.65 11.312 99.542 218.857 
1.7 11.173 100.101 220.083 
1.75 10.803 99.658 221.263 
1.8 10.849 100.567 222.651 
1.85 11.080 101.103 224.062 
1.9 11.520 102.175 225.727 
1.95 11.312 102.431 226.398 
2 11.659 103.293 227.532 
 
Appendices 
 
146 
 
Minimum Stress Maximum Stress 
-4.124E+06 -7.306E+06 
-5.741E+06 -1.277E+07 
-7.630E+06 -2.048E+07 
-1.052E+07 -2.952E+07 
-1.377E+07 -3.998E+07 
-1.710E+07 -5.116E+07 
-1.992E+07 -6.149E+07 
-2.356E+07 -7.225E+07 
-2.721E+07 -8.327E+07 
-3.245E+07 -9.543E+07 
-3.366E+07 -1.014E+08 
-3.585E+07 -1.094E+08 
-3.853E+07 -1.168E+08 
-3.953E+07 -1.221E+08 
-4.195E+07 -1.280E+08 
-4.499E+07 -1.343E+08 
-4.587E+07 -1.380E+08 
-4.712E+07 -1.413E+08 
-4.957E+07 -1.452E+08 
-5.056E+07 -1.476E+08 
-5.096E+07 -1.490E+08 
-5.186E+07 -1.506E+08 
-5.247E+07 -1.519E+08 
-5.324E+07 -1.527E+08 
-5.406E+07 -1.538E+08 
-5.411E+07 -1.535E+08 
-5.494E+07 -1.546E+08 
-5.595E+07 -1.556E+08 
-5.577E+07 -1.556E+08 
-5.571E+07 -1.558E+08 
-5.579E+07 -1.565E+08 
-5.586E+07 -1.572E+08 
-5.655E+07 -1.584E+08 
-5.673E+07 -1.593E+08 
-5.667E+07 -1.601E+08 
-5.704E+07 -1.610E+08 
-5.750E+07 -1.621E+08 
-5.819E+07 -1.634E+08 
-5.820E+07 -1.638E+08 
-5.871E+07 -1.647E+08 
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Appendix G – Average plotted tensile data  
 
 
 
 
